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ABSTRACT

Greening disease is a severe disease of citrus affecting crops in Southern Africa
and Asia. The disease is thought to be caused by bacteria seen in planta by electron
microscopy. In Australia, Australian citrus dieback (ACD) has symptoms which
closely resemble those of greening, although the aetiological agent requires
confirmation.

A number of bacterial isolates with an ultrastructure similar to

that described for the putative causal agent of greening have been studied. The D N A
from the different organisms w a s compared by pulsed field gel electrophoresis
after bacterial restriction endonuclease digestion analysis ( B R E N D A ) using a
number of endonucleases, and restriction fragment length polymorphism (RFLP).
The isolates studied were assigned to two groups. Group 1 contains several very
homogeneous isolates, including an organism isolated from A C D infected material.
Group 2 isolates are not as homogeneous and can be further divided into two
subgroups. The chromosomal D N A of the Group 1 isolates was estimated to be
3,480 K b after digestion of intact bacterial D N A with rare-cutter restriction
endonucleases and separation of the resulting fragments by pulsed field
electrophoresis. N o extrachromosomal D N A w a s detected in any isolate. In an
attempt to develop a detection system, a D N A library from a Group 1 isolate was
constructed. The suitability of certain randomly-cloned fragments as probes to
detect the organisms isolated from greening and dieback infected citrus w a s
assessed. R F L P techniques were used to develop a signature pattern for the D N A of
Group 1 isolates to allow direct comparison with other similar bacteria isolated
from citrus. This technique was modified to detect the presence of Group 1 isolates
in infected citrus samples, although the sensitivity of the system only allowed the
positive identification of s o m e samples. In order to taxonomically classify the
bacterial isolates, the gene coding for the 16S fraction of the ribosomal R N A
(rRNA) from Group 1 isolates w a s fully sequenced, both with reverse
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transcriptase and from P C R amplified 16S rRNA. The sequence was compared to
other known sequences to generate a phylogenetic tree.
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1 INTRODUCTION

1.1 HISTORY OF GREENING

Greening disease of citrus and similar diseases are a severe cause of fruit and tree l
in Southern Africa and many citrus growing countries in Africa and Asia (Table 1).
These diseases are believed to be related and are collectively referred to as greeninglike diseases. Greening has not been detected in any of the Mediterranean countries or
in the USA. Although the disease has not been described, the vector transmitting
greening is present in Argentina (S. Marco, personal communication), Brazil
(Aubert, 1987), Japan (Miyakawa elai, 1974; Hooker elai, 1991) and Uruguay (R.
Lee, personal communication).

Greening was first observed in South Africa in 1928 by Oberholzer, at The Wild in the
Western Transvaal and in the White River of the Eastern Transvaal lowveld, but it was
not reported in the published literature until 1965 (Oberholzer, 1965).

The history of greening etiology has been controversial. Due to the chlorotic
symptoms of the infected leaves, greening w a s initially thought to be a mineral
deficiency.

However, when transmission of symptoms by grafting was achieved

(McClean and Oberholzer, 1965) and fertilization did not alleviate the symptoms, it
w a s believed that a virus was involved. This theory, suggested by McClean and
Oberholzer (1965) went unchallenged until 1970 when Lafleche and Bove, using
electron microscopy, reported the presence of a microorganism in the phloem sieve
elements of infected citrus material obtained from South Africa (Moll and Van Vuuren,
1977).

T h e organisms were initially described as mycoplasma-like organisms

(MLO's) (Lafleche and Bove, 1970).

1

COUNTRY

PISEASF

Australia
Bandladesh

dieback

Burundi
Cameroun

greening

Central African republic
China

greening
yellow shoot

Comoros

greening

Ethiopia

greening

Hong Kong

greening

India
Indonesia

dieback
vein-phloem degeneration

Iran

citrus decline

Kenya
Madagascar

greening

Malawi

greening

Malaysia

greening

Mauritius

greening

Nepal
Pakistan

greening

Philippines
Reunion

leave mottling

Rewanda

greening

Saudi Arabia

greening

Swaziland

greening

South Africa

greening

Sudan

foliocellosis

Taiwan

likubin

Tanzania

greening

Thailand

greening

Yemen

greening

Zimbabwe

greening

greening
greening

greening

greening
greening

Table 1.- Countries affected with greening-like diseases (Da Graca, 1991).
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In 1974, Moll and Martin described a prokaryotic organism as the causal agent of
greening disease in South Africa. Electron microscopic studies revealed the fine
structure of the organism's cell wall as comprising an electron dense inner layer (8
nm), an electron transparent region (5-15 nm), and a darker, electron dense outer
layer (8 nm). The entire envelope thickness was estimated to be between 20 and 30
n m (Moll, 1974).

This is thicker than the values obtained for the envelope of

mycoplasmas (Saglio elal, 1971). The same structures were later seen in the
haemolymph of the insect vector Trioza ervtreae by Moll (1974). Ever since, the
M L O nature of the greening agent has been questioned. Furthermore, penicillin has
been shown to be effective against greening, whereas it is ineffective against
mycoplasmas or spiroplasmas (Bov6 eiai, 1980). Thus, it is now generally accepted
that the organism found in infected material is not of MLO-like nature, and it is
believed that the agent associated with greening is of bacterial nature (Bove eial,
1980).

1.2 SYMPTOMATOLOGY

Greening appears to result in symptoms of different severity in different types of
citrus.

Mandarins and tangelos can be severily affected, then in decreasing order of

severity are sweet oranges, grapefruits, lemons and sour oranges. Limes and pomelos
are more tolerant (Manicom and Van Vuuren, 1990). There are also differences in
variety susceptibility among oranges, with Valencia being the most affected (Da Graga,
1991). Old orchards may be as equally affected as those of new origin.

The symptoms of African greening show seasonal variation. Symptoms are more
obvious during the cooler winter months while during the hot summer months, trees
appear to recover. However, this is a false impression. As the weather cools, the
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typical greening symptoms become clearly visible again (Mc Clean and Schwarz,
1970).

The typical symptoms of greening can occur throughout the tree, or they may be
restricted to a particular branch or area of the tree. The spread of the disease within
a tree is slow, often taking years to kill the tree (Mc Clean and Schwarz, 1970). Leaf
symptoms are similar in most citrus species and resemble those of zinc and iron
deficiency:
- Yellowing of the main and secondary vein which develops into a blotchy
mottle once the leaf is mature. This symptom is more often associated with
young shoots.
- Leaves are small, upright and display a variety of chlorotic patterns.
Affected trees have retarded growth and bear small abnormal fruit. The fruits are
lopsided, small and have a bitter taste which makes them unmarketable. While they
have a dirty colour inside, the skin often remains green especially at the top side of
the fruit, hence the term "greening". Often seeds in affected fruits are abortive,
although large fruits m a y have fertile seeds which can yield trees apparently free of
the greening disease (Mc Clean and Schwarz, 1970; M c Onie, 1982).

The leaves and fruit symptoms described here are generally valid for all citrus
varieties, and are similar throughout the countries of Africa and Asia. Nevertheless,
yellowing, dieback and decline symptoms in Asian greening have been reported as
being more severe than for the African greening (Zhao, 1981).

In addition to

displaying less severe symptoms than Asian greening, African symptoms are more
pronounced under cool temperature conditions (22-24QC) but disappear at higher
temperatures (27-30 Q C).

In contrast, Asian greening symptoms are equally

pronounced at both temperatures (Da Graca, 1991).
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Citrus trees are often infected with more than one pathogen which can influence
symptom expression of greening (Da Graga, 1991). There are reports of plants
infected with both greening and tristeza in India, the Philippines, South Africa, and
Taiwan. The presence of other pathogens in the tree could also augment the symptoms
of greening (Da Graga, 1991).

The causes of the symptoms are not clear. Schneider (1968) explained the induced
mineral deficiency as being due to localised sieve tube necrosis in infected leaves.
Indeed the greening agent is located in the sieve tubes (Bov6 eiai, 1970; Lafleche and
Bove, 1970).

1.3 VECTORS

As early as 1965 field trials indicated citrus psylla, T. ervtreae (Del Guercio) as the
vector for greening disease (McClean and Oberholzer, 1965), but the mechanism of
this transmission w a s elucidated later in 1973 (Moll and Martin, 1973; Chen eiai,
1973) w h e n a light and electron microscopic study of insects, which had fed on
infected plant tissue was carried out. These studies showed bacteria, morphologically
similar to the organism found in greening infected citrus plants, found in the
haemolymph and salivary glands of psyllids after feeding on affected citrus. It has
been suggested that they multiply in the insect before being transmitted into citrus
again (Chen eiai, 1973; Moll and Martin, 1973).

Greening is transmitted by the psyllid T, erytreae (Del Guercio) in African countries
south of the Sahara, and throughout Asia by the psyllid Piaphorina citri (Kuwayama)
(Capoor eiai, 1967; Schwarz eiai, 1970 and Aubert eiai, 1984). Both psyllids are
found in well defined and different climates. T. erytreae is restricted to the cooler
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elevated areas of Africa (Aubert eiai, 1984 and Lallemand eiai, 1986), and does not
tolerate hot and dry climates. This fact may have prevented T. erytreae from moving
north of the Sahara, which acts as a hot natural barrier. D. citri is able to resist
higher temperatures (Aubert eiai, 1984).

Both psyllids are found in Reunion

depending on its elevation (Aubert eiai, 1984). Although there are differences in
habitat, T. erytreae can transmit Asian greening, and P. citri can transmit African
greening (Lallemand eiai, 1986). T o date, there have been no reports of other
vectors transmitting greening.

The previously described distinction between African and Asian greening in regard to
the insect vectors and the climatic effect on symptoms expression, suggests that there
might be two bacterial strains involved. In 1972, Schwarz suggested that there may
be two strains of the greening pathogen in South Africa. Interestingly, Mochaba
(1988) reported that growth in culture of bacteria isolated from greeening-affected
citrus w a s temperature dependent, with s o m e isolates growing optimally at 25 9 C
while others grew better at 35 9 C.

1.4 CONTROL MEASURES

There is no known effective treatment for greening. In order to control the disease, a
number of principles have been applied, aimed either at the greening agent or at the
vector itself. However, to date only a combination of both methods appears to be
effective against the disease.

The control of greening can only be obtained by the implementation of a comprehensive
programme of measures (Da Graga, 1991). The use of a disease-free nursery and
further attention to long term breeding programmes have been suggested by the Da
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Graga. It is vital in such programme the accurate diagnosis of greening in nursery and
budwood source material for the effective production of greening-free trees.

Since the nature of the greening agent was established as prokaryotic, several
antibiotics have been evaluated for the treatment of greening. Schwarz and Van Vuuren
(1970) injected infected trees with several antibiotics and found that tetracycline
hydrochloride gave the best results, reducing the fruit symptoms notably.

Trunk

injections of tetracycline hydrochloride have since been successfully used in a number
of countries; no other antibiotic has been found to be as effective (Da Graga, 1991).

The vectors have been controlled around orchards with the use of insecticides. In
South Africa, the most successful insecticide is dimethoate applied to the soil (Milne,
1977; Milne and D e Villiers, 1977 and Wortmann and Schafer, 1977).

This

chemical can also be used in conjunction with the tetracycline injection into the trees
to ensure better protection. Unfortunately, the chemical treatment is very expensive.

A number of experiments have been carried out to explore the use of biological control
of psylla. Natural parasites exist for both T. ervtreae in Southern Africa and P. citri
in Asia. Three species of wasps were introduced in Reunion, where both vectors exist,
their distribution varying with height and temperature. These wasp parasites were
Tetrastichus radiatus from India, Tetrastichus drvi and Psyllaephaqus pulvinatus
from South Africa. While the latter did not establish itself the other two virtually
eradicated psylla from commercial orchards (Aubert eiai, 1980; Aubert and Quilici,
1984; Aubert and Quilici, 1988; Aubert eiai, 1984).

Biological control of psylla

w a s subsequently used in Taiwan, the Philippines, Nepal, Indonesia and South Africa
without huge success (Da Graga, 1991). The use of fungi as biological control agents
has received s o m e attention (Aubert, 1987; S a m w a y s and Manicom, 1983 and Xie ei
al, 1988) although the success of this strategy has been limited.
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The impact of greening is often difficult to assess, but it is of major consideration to
citrus growers. Important losses have been reported at s o m e stage in India, the
Philippines, Thailand, Taiwan, Indonesia, Saudi Arabia and South Africa (Da Graga,
1991). The disease has virtually eradicated citrus production from whole areas of
Thailand (Bhavakul eiai, 1981) and South Africa (Moll and Van Vuuren, 1982).

1.5 AUSTRALIAN CITRUS DIEBACK

Australian citrus dieback disease was first described in Australia in 1942 in sour
orange (Broadbent et al. 1976). The situation deteriorated until 1975, when certain
orchards had an infection rate of up to 8 0 % . The symptoms of dieback resemble those
of greening. The leaves present a yellowing of the midrib and chlorosis (Broadbent ei
al, 1976), while the affected fruit are smaller, and often contain aborted seeds.

The causal agent of the disease is still unknown, but preliminary studies have
observed the presence of MLO-like organisms in sieve tubes of infected citrus,
similar to those reported in greened citrus (Bock, 1991).

Certain psyllids are native of Australia, but none are considered to be pests of citrus.
Although s o m e psyllid species are seen on citrus occasionally, neither T, erytreae nor
D. citri are present in Australia.

1.6 BACTERIAL ISOLATES FROM GREENING INFECTED CITRUS

A complex medium named MIG, devised by Sibara (1982), was used to isolate a
bacterium from greening infected citrus material. The isolated bacterium had a cell
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wall structure similar to that of the organism described by Moll and Martin (1974)
and w a s sensitive to penicillin. The MIG medium w a s subsequently used to isolate
similar bacteria from greening infected material from various sources.

Duncan

(1985) isolated a gram negative rod from the columellae of oranges from the Letaba
region, Eastern Transvaal, South Africa. Mochaba (1988) obtained a number of
bacterial isolates from greening infected citrus collected from different areas of South
Africa, and from greening-like diseases from other countries. Today there is an in
planta collection of greening isolates from various countries which are kept under
quarantine at the Fruit Laboratories, United States Department of Agriculture (USDA)
in Beltsville, Maryland, U S A .

Using the s a m e M I G medium, Bock (1991) obtained

s o m e bacterial isolates from Australian citrus dieback infected material. T w o isolates
had cultural and metabolic characteristics similar to the microorganisms isolated
from greening infected citrus.

A study of the cell wall of some of the bacterial isolates from greening-infected citrus
w a s carried out by Ariovich and Garnett (1985). The bacteria had a width of 350 nm
and a length of approximately 3,000 nm. All the isolates studied had similar size and
stained gram-negative. These studies suggest that the cultured bacteria were very
similar to the putative greening organism.

Metabolic tests performed to date have been unable to assign the available bacterial
isolates from greening infected citrus to any existing taxonomic group of bacteria
(Mochaba, 1988; Bock, 1991), although there appears to be s o m e association with
gram-positive organisms such as Arfhrobacter and Clavibacter- Hence, one objective
of this research is to study and compare the D N A of the various isolates obtained from
greening infected citrus to assess if they are, in fact, strains of the same bacterium or
just bacteria with structural and metabolic similarities.
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1.7 GENETIC CLASSIFICATION OF BACTERIA

Historically, classification of microorganisms has been mainly based on similarities
in phenotypic characteristics. Although this method has been successful, it is not
precise enough for distinguishing superficially similar organisms or for determining
the phylogenetic relationship among the bacterial groups. Nucleic acid techniques
were first applied to bacterial classification more than 25 years ago (Johnson,
1984), and have since b e c o m e of major importance.

There are a number of

advantages to be gained by basing classification on genetic relatedness:
- A more unifying concept of a bacterial species is possible.
- Classification based on genetic relatedness tend to be less subject to frequent or
radical changes.
- Reliable identification schemes can be developed after organisms have been
classified on the basis of genetic relatedness.
- Information can be obtained that is useful for understanding how the various
bacterial groups have evolved and h o w they can be arranged according to their
ancestral relationship (Johnson, 1984).

With the growth of molecular biology, a number of new approaches to the
characterization of organisms have become available, and these approaches have
already had a profound impact on the taxonomy of bacteria. Of particular value are
two different kinds of analysis performed upon isolated nucleic acids which furnish
specific information about the genotype.

These are the analysis of the base

composition of D N A and the study of chemical hybridisation between D N A and D N A
(Marmur eiai, 1 9 63; Mandel, 1969; Stanier eiai, 1 9 ? 2 )-
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A unique feature of D N A that w a s recognised as having taxonomic importance was the
mole percent cytosine plus guanine content (C+G content). A m o n g the bacteria, the
C + G content ranges from 25 to 75, and the value is constant for a given organism
(Johnson, 1984). A substantial divergence between two organisms with respect to
mean D N A base composition reflects a large number of individual differences between
the specific base sequences of their respective DNA's and it is prime facie evidence for
a major genetic divergence and hence for a wide evolutionary separation. The very
broad range of values characteristic of the bacteria as a whole accordingly reveals the
great evolutionary diversity of this particular biological group and also suggests their
evolutionary antiquity (Stanier eiai, 1972).

The C+G content of a range of isolates from greening-infected citrus was determined
using both the T m (Marmur and Doty, 1962) and the ultraviolet spectroscopy
(Ulitzur, 1972) methods.

A C + G content of around 6 0 % w a s reported for three

different isolates of bacteria coded LC-1, NC-1 and G C (Hortelano, 1986) isolated
from greening infected citrus from South Africa .

Mean DNA base composition is of particular taxonomic value for bacteria, since the
range for the bacteria group is so wide. However, although closely related bacteria
have similar C + G content, two organisms with similar C + G content are not
necessarily closely related; this is because the C + G content does not take into account
the linear arrangements of the nucleotides in the D N A , as is the case with the
hybridisation techniques (Johnson, 1984).

D N A / D N A hybridisation is a powerful

technique by which to study bacterial relationships. Its great potential advantage is
that it can be used to explore gross genetic homologies in bacterial groups where no
mechanisms of genetic transfer are known, and where, in consequence, biological
hybridisation experiments are precluded (Stanier eiai, 1 9 72; Johnson, 1984).
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The homology between the D N A of isolate LC-1 and D N A from greening isolates NC-1
and GC-1 was reported to be 85 and 8 6 % , respectively, using the direct binding
method on nitrocellulose membranes (Hortelano, 1986). The results obtained from
the hybridisation experiments suggested a high degree of homology between the
isolates studied and, therefore, a close taxonomic relationship between them
(Hortelano, 1986).

D N A / D N A relatedness of > 7 0 % and a low level of sequence

divergence are generally regarded as the phylogenetic basis for defining species (De
Ley, 1967; Johnson, 1984).

Several techniques have been employed to study plant pathogenic strains of the same
bacterial species, such as serology (Alvarez eiai, 1985; Holten, 1979; Thaveechai
and Schaad, 1984 and Thaveechai and Schaad, 1986), plasmid typing (Lazo and
Gabriel, 1987), protein electrophoresis (Minsavage and Schaad, 1983) and gas
chromatography of fatty acids (Maas eiai, 1985) among others. Serology has been
applied to investigate the relationship of putative greening isolates in a separate study
at the University of Wollongong (Bock, 1991).

In the last two decades, it has become clear that the genetic complement of a bacterial
cell lies not only in the main chromosome but, in m a n y cases, also in
extrachromosomal elements such as plasmids which carry genetic material capable of
phenotypic expression. Consequently, several taxonomic methods are being directed
towards the characterisation of the total genetic complement of bacterial, including
plasmids (Johnson, 1984).

The existence of plasmids in some bacterial isolates derived from greening infected
citrus was investigated using several methods (Hortelano, 1986). No plasmids were
found in that study, although it was suggested that a further plasmid analysis of the

12

organisms needed to be undertaken. Furthermore, the presence of cryptic plasmids
could not be ruled out.

1.8 BACTERIAL RESTRICTION ENDONUCLEASE DIGESTION ANALYSIS

DNA/DNA homology determination between bacterial genomes is not sensitive enough
to detect small variations within species revealed by epidemiological typing
techniques. A further method of analysing D N A is by assessing the fragments resulting
from restriction nuclease digestion.

Restriction endonucleases are endo-

deoxyribonucleases that digest double-stranded D N A after recognising specific
nucleotide sequences (Lewin, 1990). The resulting D N A fragments are separated by
agarose gel electrophoresis, permitting the profile of different microorganisms to be
compared. The technique is known as bacterial restriction endonuclease digestion
analysis ( B R E N D A ) (Owen, 1989).

BRENDA provides a sensitive means of directly detecting minor genomic differences
between microorganisms (Owen, 1989), which are not otherwise apparent using D N A
hybridisation techniques. Type II restriction endonucleases specifically cleave D N A
into different lengths, depending on the number and position of the individual
recognition sequences, unless they have been chemically modified in some way, such as
by methylation (Owen, 1989). If a change occurs in the sequence of the genomic D N A
- even a single nucleotide base mutation- this can delete a restriction enzyme site or
create a n e w recognition site (Owen, 1989) and, therefore, alter the electrophoretic
profile obtained for that particular D N A .

Many D N A polymorphisms do not yield

changes to the phenotype, and thus go undetected in phenotypic studies.
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Most restriction endonucleases recognise D N A sequences of 4 or 6 base pairs. Simple
statistical analysis predicts that, for D N A s with a ratio of 5 0 % C + G content, a
complete digest with these enzymes will yield D N A fragments of average sizes of 256
to 4,096 base pairs (Smith and Cantor, 1987).

Due to the wide range of base

compositions (C+G content) displayed by bacterial species, ranging between 26 and
7 2 % , the distribution of fragment sizes produced by restriction enzyme digestions can
also be expected to vary considerably (Owen, 1989). Nei and Li (1979) developed an
equation to predict the frequency of a restriction site, a=(9/2)r1.(1-9/2)r2, where
g is the fractional C + G content of the genome DNA, r1 is the number of C + G base pairs
in the recognition site, and r2 is the number of A-T base pairs in the recognition site
(Owen, 1989). Because of the large size of the genome of microorganisms, it is not
possible to accurately predict to what extent a restriction enzyme will cut a
particular D N A (Owen, 1989). Nevertheless, this equation can be used for practical
purposes to approximate the expected number of fragments. Generally, a number of
different endonucleases have to be tested on the target D N A before finding suitable
enzymes that produce a distinguishable D N A profile in agarose gels.

In the last few years, a number of endonucleases have been identified which have a
recognition site of eight base pairs (McClelland, 1987). Given the size of bacterial
chromosomes these endonucleases would be expected to produce a very low number of
fragments after D N A digestion with an average fragment size of over 100,000 base
pairs. The use of such endonucleases opens up the possibility of studying and mapping
the bacterial genome.
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1.9 P U L S E D FIELD G E L E L E C T R O P H O R E S I S

The D N A fragments generated by restriction enzyme digestion are separated according
to size by electrophoresis in agarose gel to give a pattern of bands. Gel electrophoresis
is capable of separating nucleic acids on the basis of size, charge and conformation. A
typical application uses a single pair of electrodes to generate the electric field. Such
a field is necessarily constrained to be uniform and oriented in a single direction, and
cannot resolve D N A fragments much larger than 50 Kb (Davies, 1988).

Restriction endonuclease digest patterns have been used to distinguish between strains
of various bacteria. The genomic D N A s of a number of prokaryotes have been examined
by restriction endonuclease cleavage pattern analysis (Owen, 1984). Although this
technique w a s first described to investigate mycoplasmas, B R E N D A has now been
successfully applied to representatives of a large number of genera, including species
of medical, veterinary and phytopathological interest. The relatively small sizes of
mycoplasma, rickettsial and leptospiral genomes (less than 3,000 Kb long) facilitate
the analysis through fingerprinting. Nevertheless, in recent years, and after more
precise pulsed field gel electrophoresis technologies became available, success has
also been achieved in the analysis of bacteria with larger genomes (larger than 3000
Kb long) (Owen, 1984).

Schwartz eiai (1983) and Schwartz and Cantor (1984) reported that the
electrophoretic mobilities of D N A molecules, of several hundred kilobase pairs in
size, become strongly size dependent when they are electrophoresed in the presence of
two alternately applied electric fields. The two field angles are at close to 90 9 , and are
alternately switched or pulsed. It is generally assumed that long D N A molecules must
be stretched out along the direction of the field in order to penetrate the pores of the
gel. The increase in resolution of large D N A fragments by alternating field directions
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is a result of the need for D N A molecules to reorient themselves in the gel in order to
travel in a direction at right angles to the axis along which they are stretched
(Southern eiai, 1987). Of course, the longer the D N A fragment, the longer the D N A
molecule will take to reorient itself in the direction of the new electric field, and thus
the longer the molecule is prevented from moving forward through the agarose gel.

There have been a number of theories to explain the effect of pulsed field
electrophoresis on D N A molecules (Southern eiai, 1987; Schwartz and Koval, 1989;
Holzwarth eiai, 1987), and computer models have been devised to simulate the
mobility of D N A fragments on pulsed field gel electrophoresis as a function of agarose
pore size, D N A chain properties and electric field conditions (Lalande eiai, 1987;
Sor, 1988).

The first pulsed field gel electrophoresis system devised was described by Schwartz
and Cantor (1984) and Carle and Olson (1984) as orthogonal field agarose gel
electrophoresis, O F A G E . O F A G E has a design which includes horizontal gel chamber and
two pairs of electrodes arranged in the plane of the gel. The electric fields were set at
90 Q of each other, and were generated by alternately activating each pair of electrodes.
This system was used successfully in the resolution of D N A fragments up to 2 M b long.
However, the main drawback of O F A G E is the non-uniformity of the electric field
across the gel. This caused the speed of D N A to vary from lane to lane and with the
distance from the well (Gardiner and Patterson, 1989). The end result was a gel with
devious lanes, and this complicated the interpretation of the gels. Attempts to solve
these anomalies by using uniform electric fields led to the development of other pulsed
field electrophoresis designs (Gardiner and Patterson, 1989).

Carle eiai (1986) developed the field inversion gel electrophoresis system, FIGE.
They developed an electrophoresis system where a uniform electric field in one
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direction w a s periodically inverted. This design m a d e the large D N A molecules
strongly size-dependant, within the size range from 15 to >700 Kb, and yielded
straight lanes.

In 1986, Chu eiai developed a pulsed field electrophoresis system by applying a
contour-clamped homogeneous electric field (CHEF) that alternates between two
orientations 120 9 apart. The electric field is generated by a method in which multiple
electrodes (24) are arranged along a polygonal contour and clamped to predetermined
electric potentials. This design corrects the problems inherent to O F A G E and produces
a gel with straight lanes, where D N A fragments migrate at the same speed in all wells,
allowing more precise comparison between samples and the molecular weight
estimation of D N A fragments. For these reasons, C H E F became the pulse field
electrophoresis method of choice to analyse bacterial DNA.

1.10 BACTERIAL GENOME SIZE

With the advance of pulsed field electrophoresis, the resolution of DNA fragments has
increased from what w a s an upper limit of 50 Kb to close to 10 M b (Nelson and
McClelland, 1989). This increase in the range of D N A to be analysed allows the
unambiguous measurement of the size of bacterial genomes, and the determination of
the number and size of chromosomes in organisms such as yeast and mammalian
parasites. Further, the study of the chromosomal organization of genes and how they
m a y rearrange, either naturally during the life cycle or as a result of chromosomal
breaks, mutations or disease states is possible (Gardiner and Patterson, 1989).

Pulsed field gel electrophoresis is an ideal technique to study the bacterial genome.
The discovery of rare-cutter restriction endonucleases, which do not cleave D N A as
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frequently as statistics would predict, provided a means of producing a low number of
D N A fragments. The resulting fragments are individually separated in pulsed field
agarose gel electrophoresis to yield a distinct and unique pattern. The molecular
weight of the bacterial genome can then be estimated as the sum of the molecular
weight of each individual fragment.

Analysis of fingerprints created by electrophoresis of the genome after endonuclease
treatment can be performed by simple visual comparison of band profiles in gels, to
see whether overall patterns are similar. However, as the number of bands increase,
so does the complexity of the profile, making the visual comparison a difficult task. A
number of computer programs have been described to mathematically evaluate the
similarity between two given profiles in a more objective manner (Sorensen eiai,
1985; Ades eiai, 1988; Bruce eiai, 1988).

The genome sizes of most prokaryotic DNAs fall in a ten-fold range between 800 and
8,000 Kb with a typical genome being about 6 x 1 0 6 bases in length (Gill's and De
Ley, 1975). This is well within the range of D N A sizes that can be analysed by the
pulsed field gel electrophoresis technology. The molecular weight of the genome of
species of bacteria in genera such as Pseudomonas (Bautsch eiai, 1988), Escherichia
(Smith eiai, 1987), Haemophilus (Lee eiai, 1989), Clostridium (Canard and Cole,
1989), Caulobacter (Ely and Gerardot, 1988), C h l a m y d i a . Ricketsiella and
Porochlamydia (Frutos eiai, 1989) along with other microorganisms have been
already determined using this approach. Hence, it should be possible to use such
techniques in the analysis of the genome of the bacterial isolates from greening and
dieback infected citrus.
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1.11 G E N E T I C

PROBES

A probe, in the chemical or biological sense, is a molecule having a strong interaction
only with a specific target, with a m e a n s of being detected following the interaction,
such as occurs with antibody-antigen, lectin-carbohydrate, avidin-biotin, receptornucleic acid and interactions between complementary nucleic acids (Tenover, 1988).

DNA is a double-stranded helical molecule composed of pairs of adenine and thymine,
and guanine and cytosine residues bonded together via hydrogen bonds between a
sugar-phosphate backbone. The D N A molecule can be denatured into single strands by
heat or by chemical treatment such as sodium hydroxide (Zubay, 1989).

DNA probes are fragments of DNA, labelled in some fashion, that can seek out,
recognise and bind to stretches of nucleic acids that have complementary sequences
(Tenover, 1988).

The starting point of the development of a DNA probe is the fact that every organism,
regardless of its size or complexity, has some unique portion of its D N A which can be
distinguished from any other organisms. If such a unique D N A fragment is identified
and isolated, this unique D N A sequence can be used as an effective probe for the
identification of D N A from this organism, even when mixed with D N A from other
organisms.

The discovery of the restriction endonucleases (Nathans and Smith, 1975; Smith,
1979), molecular cloning (Cohen eiai, 1973), genomic D N A libraries (Maniatis ei
ai, 1978), Southern blotting (Southern, 1975) and high specific activity radioactive
labelling techniques (Rigby eiai, 1977) have allowed investigators to exploit the
filter hybridisation technology previously developed.
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The first step in the development of a unique D N A probe for a microorganism is the
creation of a genomic library. D N A is digested with restriction endonucleases and the
fragments ligated to a plasmid vector (Maniatis eiai, 1982) to obtain a variety of
recombinant plasmids each containing a different fragment of D N A . This library of
plasmids is then amplified in bacteria to produce large amounts of a given clone.

Once the library has been constructed, a unique sequence must be selected, and the
clone or clones carrying the sequence must be identified. A number of approaches can
be taken. In the search for a bacterial probe, the unique sequence that will serve as a
useful diagnostic probe m a y be a virulence gene, or part thereof, or a restriction
fragment cleaved at random from the organism's genomic D N A (Tenover, 1988).
Moseley eiai (1980, 1982) developed a D N A probe for Escherichia coli based on the
heat-labile (LT) and heat-stable (ST) enterotoxins of the microorganisms. Fitts eiai
(1983) developed a D N A probe for Salmonella spp. in food samples which is based on a
randomly cloned fragment.

1.11.1 LABELLING OF DNA PROBES

DNA probes have to be labelled before they are used in hybridisation. The selection of
an appropriate combination of label, labelling method and detection system for a
particular experiment depends mainly on the required levels of sensitivity and
resolution. The most c o m m o n uniform labelling methods are nick translation, random
priming and transcription from cloned promoters (Cunningham and Mundy, 1987).

Traditionally, the most widely used detection system for hybridisation reactions is t
isotopic label directly incorporated into the probe via nick translation (Rigby eiai.
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1977) or random primer (Feinberg and Vogelstein, 1983).
bases,

deoxyadenosine

The four nucleotide

5'-triphosphate, deoxyguanosine

5'-triphosphate,

deoxycytidine 5'-triphosphate, and deoxythymidine 5'-triphosphate, one of which is
labelled with 3 2 p (

are

added to the sample together with the reaction enzymes

(Tenover, 1988). After hybridisation with a 3 2 p labelled probe, the results can be
detected by autoradiography or scintillation counting.

While radioisotopes offer high sensitivity, they also have some disadvantages. The
half-life of 3 2 p jS 14 days, which means that labelled probes are only usable for a
few days. Safety is another concern with any radioisotope, due to the radiation hazard
and the disposal of contaminated waste. Scintillation counting to obtain results require
the use of expensive equipment which may not be available in all locations.

In recent years, a number of attempts have been made to chemically label DNA.
Sensitivity, which historically w a s the main disadvantage, has been gradually
improving so that levels close to those achievable with radioisotopes are now possible
without the hazards that 3 2 p presents.

A new non-radioactive method has been developed by Boehringer Mannheim
(Mannheim, Germany) based on the plant toxin digoxigenin, found in Pigitali?
purpurea. Labelled D N A probes are generated with the Klenow polymerase (Feinberg
and Vogelstein, 1983) by random-primed
deoxyuridine-triphosphate (dUTP).

incorporation of digoxigenin-labelled

The d U T P is linked via a spacer arm to the

steroid hapten digoxigenin (DIG-dUTP). DIG-dUTP D N A probes are detected after
hybridisation by enzyme-linked immunoassay using an antibody conjugate (antidigoxigenin alkaline phosphatase conjugate). A subsequent enzyme-catalysed colour
reaction with 5-bromo-4-chloro-3-indolyl phosphate (X-phosphate) and nitroblue
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tetrazolium salt (NBT) produces an insoluble blue precipitate, which visualizes
hybrid molecules (Boehringer Mannheim, Mannheim, Germany).

1.12 RIBOTYPING

When the DNA fragments separated by electrophoresis are transferred by capillary
blotting onto m e m b r a n e s (Southern, 1975), the location on the membrane of a
restriction fragment containing a specific nucleotide sequence can be determined by
hybridisation with a labelled nucleic acid probe. This yields a pattern of hybridisation
bands which provides a unique and reproducible fingerprint (Owen, 1989).

Nucleic acid probes are used in Southern blot hybridisation analysis to highlight
particular D N A restriction-site hetereogeneities, which in turn can be used as a
pattern to detect strains differences both within and between species (Owen, 1989).
D N A probes based on toxin production genes or random, cloned nucleotide sequences
have been successfully developed (Ogle eiaL 1987; Tompkins ei al, 1986). However,
the use of these probes is restricted to the organisms containing nucleotide sequences
that hybridise with the specific probe. Thus, D N A probes are generally specific for
the study of bacteria at the species level or for strains within a species. Therefore,
they are not typically suited for taxonomic studies. Probes based on ribosomal RNA,
however, provide a broad spectrum of hybridisation with bacterial chromosomal D N A
(Stull eiai, 1988).

Grimont and Grimont (1986) carried out taxonomic studies

concluding that widely diverse species of bacteria m a y be differentiated with such
probes.

Ribosomal RNA genes are typically present in several copies in each bacterial
chromosome (Morgan, 1982). Consequently, one would expect the genes for rRNA to
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yield a number of restriction fragments after B R E N D A analysis. Since the number and
structure of rRNA transcriptional units in bacteria differ widely, a restriction
pattern of rRNA genes might well contain useful taxonomic information (Grimont and
Grimont, 1986).

Southern blot transfer (Southern, 1975) and hybridisation

technology (Maniatis eiai, 1982), facilitates the identification of the fragments
belonging to rRNA genes, creating a signature pattern for a given microorganism.
Because of the highly conserved nature of some of the sequences of the rRNA genes
throughout the bacterial world, it is possible to use a single rRNA probe for
comparative studies of this signature pattern between microorganisms (Grimont and
Grimont, 1986).

Grimont and Grimont (1986) showed that hybridisation of chromosomal DNA from
various bacteria with either homologous or E. coli rRNA does yield identical signature
patterns. Furthermore, when total E. coli D N A was labelled and hybridised with
chromosomal D N A from a taxonomically distant bacterium, the pattern yielded was
indistinguishable from that obtained from the hybridisation of D N A from the same
bacterium using E. coli rRNA as a probe. This is due to the conserved nature of the
rRNA sequences among bacteria as opposed to the low homology among species found for
other D N A sequences. This finding allows the use of total E. coli D N A as a probe for the
taxonomic study of bacterial rRNA genes.

1.13 PHYLOGENETIC STUDIES USING RIBOSOMAL RNA

DNA is not the only nucleic acid which can be used for studying bacteria. Ribosomal
ribonucleic acids (rRNA) have been successfully used in bacterial phylogenetic
investigations (Fox eiai, 1980). W o e s e (1985) suggested the rRNA molecule was a
molecular chronometer. This molecule shows a remarkable disparity in the rate at
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which mutations become fixed at different positions in the molecules. Particular
sequences may change allowing the use of riboprobes as described above. However, It
appears that certain positions in the molecule are parts of structurally and/or
functionally defined units and changing a base in one of these units requires the
changing of the other bases in the unit as well, for the overall mutation to be
selectively neutral. Hence, particular sections of rRNA do vary from bacterium to
bacterium. Although a proper model for the rRNA evolution is still to be developed, we
now know that if one base position changes infrequently, then adjacent positions are
likely to change infrequently as well, and so on.

There are thus a number of reasons to choose rRNA molecules for phylogenetic studies:
- Protein-synthesizing machinery is functionally and evolutionary homologous
in all organisms.
- Ribosomal R N A molecules are ancient molecules and conserved in overall
structure.
- Nucleotide sequences are also conserved. S o m e sequences are conserved
across kingdoms, while others do vary from genus to genus.
- They represent a significant component of the cellular mass.
- The molecule is big enough to allow a statistical comparison.
- There does not seem to be any lateral transfer of rRNA genes between
contemporaneous organisms. Thus, relationship between rRNA reflect
evolutionary relationships of the organisms.
For all these reasons, sequencing of rRNA can provide us with significant information
on the taxonomy and phylogeny of the putative greening agent (Olsen eiai, 1986).
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1.14 SEQUENCING OF NUCLEIC ACIDS

Ribosomal R N A can be prepared from bacterial cells by a number of methods, and
subsequently sequenced. R N A sequencing is based on the chain termination technique of
D N A sequencing (Sanger eiai, 1977) where a synthetic oligonucleotide is annealed to
complementary single-stranded RNA. The synthetic oligonucleotide is then extended
by reverse transcriptase in the presence of all four deoxyribonucleotides (dATP,
dTTP, d C T P

and d G T P ) , o n e of which is radioactively labelled, and a

dideoxyribonucleoside triphosphate (either ddATP, ddTTP, d d C T P or ddGTP). Four
discrete reactions are carried out to affect base-specific chain termination sites
where a d d N T P is incorporated. Subsequently, the products are denatured with
formamide and heat, separated by electrophoresis on denaturing polyacrylamide gel,
and subjected to autoradiography. The nucleotide sequence can be read directly from
the order of the bands on the X-ray film.

1.15 POLYMERASE CHAIN REACTION

With the introduction of the polymerase chain reaction (PCR), developed at Cetus
Corporation (Saiki eiai, 1985), it became possible to directly amplify the rRNA
genes from total bacterial D N A and sequence the D N A directly using the method of the
chain terminator (Sanger eiai, 1977). The D N A sequencing method has the advantage
over the R N A sequencing of yielding a longer product, and so less reactions are needed
to sequence the whole gene.

25

1.16 PURIFICATION OF NUCLEIC ACIDS

For all the techniques explained above, nucleic acids have to be first released from the
bacterial cells, and then purified in a variety of ways. D N A is rarely found in vivo, as
a completely free molecule. In higher animals, it is protected by specialised proteins
usually of a very basic nature, called histones, whereas in bacteria the proteins are
replaced by oligoamines (Ayad, 1972; Hayes, 1968). Numerous attempts have been
m a d e to isolate D N A with biochemical techniques which vary according to the nature of
the biological material involved. Methods for animal, plant and bacterial sources have
been fully described (Maniatis eiai, 1982).

For microorganisms, in general, one of the most widely accepted methods is that of
Marmur (1961) which involves disruption of the cells, denaturation of cell debris
and removal of R N A by ribonuclease, followed by selective precipitation of D N A with
isopropanol. Chelating agents such as sodium dodecyl sulphate are added to prevent
bivalent metal ion contamination and degradation by deoxyribonuclease, which
requires bivalent metal ions for its hydrolytic action. The most serious problem in
any attempt to isolate D N A from natural sources, is the avoidance of nuclease
degradation and shear degradation (Davidson, 1969). The long thin threads which
constitute the D N A molecule are very easily broken, even by gentle lysis of the cells
(Davern, 1966).

Isolation of bacterial DNA from infected citrus material presents an additional
problem due to the presence of nucleases (Hillis and Moritz, 1990). A n efficient
method should therefore inhibit all nucleases from citrus material and, at the same
time, release all the bacterial D N A for the method to be useful in a bacterial detection
test; with fixed material this is not so much of a problem. However, further problems
are encountered when the D N A has to be released from fixed material. The method of
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Marmur with s o m e modifications w a s used succesfully in the genetic study of the
bacterial isolates derived from greening-infected citrus (Hortelano, 1986).

However, since greening disease is not officially recognised as existing in Australia,
and due to the strict quarantine laws of Australia, bacterial isolates originating outside
Australia can only be cultured in Australia at the Australian Animal Health Laboratory
(A.A.H.L.) quarantine center in Geelong, Victoria. Fixed material from this source as
well as fixed material cultured in the U S A were the source materials available for
nucleic acid studies reported here. Such a situation demands a new method to purify
D N A from fixed material, before it can be used in the fingerprinting and hybridisation
experiments.

The method of Marmur (1961) and, in fact, most of the described procedures to
purify bacterial D N A result in s o m e degree of D N A breakage due to mechanical
handling.

Further, the chain-length of purified D N A varies with the method used.

Hence, it is important that gentle procedures are used to release D N A from bacteria
when restriction fragment analysis is to be undertaken for molecular weight studies
or fragment analysis of any kind. Hence, there must be minimal shearing in the
purification of the D N A which must be pure enough for digestion by restriction
endonucleases.

In recent years procedures have been described to immobilise

bacterial cells in agarose with subsequent lysis of cells and purification of D N A within
the agarose blocks, thus avoiding any breakage of the fragile D N A molecules (Smith ej
al, 1987). The D N A can be digested in the agarose blocks, and electrophoresed as a
solid D N A samples (Promega Corporation, Madison, WI,USA).

Isolation of rRNA involves a different technique, requiring the degradation of DNA and
m R N A resulting in purified rRNA. A method for rRNA preparation was described by
Semancik and Wheathers (1972), and Johnson (1981). More recently, a new method
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has been described by Lane eiai, 1985, which should allow a rapid determination of
the bacterial 16S rRNA sequences for phylogenetic analysis.

1.17 AIMS

All of the described advances in nucleic acid analysis could provide useful information
on the nucleic acids of isolates from greening-infected citrus and possibly help in
developing techniques to determine if the bacteria are the putative greening organism.
Hence, the aims of this investigation were to:

I) Undertake BRENDA analysis with a variety of restriction endonucleases on a
number of bacterial isolates obtained from greening and dieback infected citrus, and to
compare the resulting electrophoretic profiles to determine the relationships between
the isolates.

II) Investigate the existence of extrachromosomal DNA in the isolates from greening
(and dieback) infected citrus through both unidirectional agarose and pulsed field gel
electrophoresis.

Ill) Compare the structure of the very conserved rRNA transcriptional units of some
selected isolates by ribotyping techniques to establish any possible phylogenetic
relationship between the isolates from greening and dieback infected citrus.

IV) Estimate the molecular weight of the whole bacterial genome of a typical isolate by
digestion of intact bacterial D N A with rare-cutter endonucleases, separation of the
resulting fragments in pulsed field electrophoresis, and estimation of the size of each
and every D N A fragment produced.
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V) Sequence the entire 16S fraction of the rRNA of an isolate from South African
greening and an isolate from Australian citrus dieback and to compare their sequences.
Also, to compare these sequences to those of known bacteria in an attempt to classify
the isolated bacteria.

and

VI) Utilise the available information to develop possible detection methods, based on
nucleic acid, for recognition of microorganisms and to explore the potential
application of such tests for the detection of bacteria in greening and dieback infected
citrus.
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2 MATERIALS AND METHODS

Unless otherwise specified, all chemicals used in this investigation were purchased
from A J A X chemicals, N.S.W., Australia; B D H chemicals, Dorset, U K and O X O I D Ltd,
Basingstoke, Hants, UK.

2.1 BACTERIAL CULTURES

The bacterial cultures isolated from greening-infected citrus and used in this study
were isolated by Mochaba (1988) and H.M. Garnett (personal communication), from
infected plant material from various orchards in South Africa and from the in planta
greening-infected culture collection maintained under quarantine at the Fruit
Laboratories, Agricultural Research Service, United States Department of
Agriculture (U.S.D.A.) in Beltsville, M D , U S A .

T h e bacterial cultures from

Australian citrus dieback were isolated from infected plant material by Bock from
several areas in Australia (1991).

The South African isolates used in this investigation were: SA01, SA03, SA05, SA06,
SA07, SA09, S A 1 0 and SA13. Other isolates used include RE01, RE02, TA01 and
TA02, the sources of these isolates being Reunion (RE) and Taiwan (TA),
respectively, and US02, U S 0 4 and U S 0 5 obtained from citrus material from
Beltsville (Mochaba, 1988; Lee eiai, 1989).

Australian citrus dieback isolates

include A U 0 1 , A U 0 2 and A U 0 3 (Bock, 1991). The origin of the isolates used is
shown in Appendix I. S o m e of these isolates SA01, SA03 have been analysed by
electron microscopy and have a structure similar to the putative greening bacterium
(Ariovich and Garnett, 1985).

Isolates R E 0 2 and S A 1 3 do not have growth

properties similar to other organisms and were included as "other" citrus isolates.
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Other bacterial cultures used in this investigation were obtained from the
Department of Agriculture, N.S.W. (Australia) and The University of Wollongong,
including:
- Aarobacterium radiobacter

DAR

30536

- Bacillus subtilis

DAR

26772

- Escherichia coli

DAR

34854

Other Escherichia coJi strains were purchased:
- Escherichia coli strain B

(ATCC-11303) (Sigma, St Louis, M O , U S A )

- Escherichia coli JM101 (Boehringer Mannheim, Mannheim, Germany)

In accordance with the Australian quarantine regulations of the Department of
Agriculture, actively growing bacterial cultures isolated outside Australia were not
kept at the University of Wollongong. All culturing w a s undertaken at the University
of the Witwatersrand, Johannesburg, South Africa, the Agricultural Research Center
in Beltsville, M D , U S A and at the Australia Animal Health Laboratory (A.A.H.L.) in
Geelong, Victoria, where bacteria were cultured and inactivated. Fixed bacterial cells
were used at the University of Wollongong for nucleic acid isolation and investigation.

2.2 CITRUS MATERIAL

Leaves from Troyer citranae were used as source of healthy material. Preserved
midribs from citrus plant codes # 3, 6, 7, 8, 17, LK5 and R 1 B from the in. planta
collection, Beltsville, M D , were used as source of infected material. The origin of the
infected samples is described in Appendix I.
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2.3 C U L T U R E MEDIA

Bacterial isolates from greening and dieback infected material were grown on MIG
medium (see Appendix II), originally developed by Sibara (1982) and modified by
Mochaba (1988) and/or 523 medium, described by Kado and Heskett, 1970 (see
Appendix II).

Other plant pathogenic microorganisms were grown on 523 medium, while
Escherichia coli strains and Bacillus subtilis were grown on nutrient broth (Oxoid
Ltd, Basingstoke, Hants, UK). Plasmid-transformed Escherichia coli cells were
grown on Luria broth (LB) supplemented with ampicillin (see Appendix II).

2.4 PHENOTYPIC CHARACTERISATION

2.4.1 GRAM STAIN

The gram stain was performed according to the procedure described by Brock
(1975).

2.5 STOCK CULTURES AND STORAGE

Stock cultures of bacteria were kept at 49C stored on appropiate agar slants. A
fresh bacterial cultures were resuspended in sterile water after harvest and stored at
4QC. When needed, stock cultures were grown in the required liquid media and then
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on agar plates. To confirm lack of contamination, slants were verified by a gram
stain before subsequent use of the culture.

Microorganisms also were stored dessicated; bacterial cultures in the logarithmic
phase of growth were freeze-dried in culture medium in a FD1 Dynavac (Dynavac
Pty, Burwood, Victoria, Australia ), and vials stored at 4 Q C. W h e n required, 0.2 mi
of fresh MIG medium were added to the vial, and after resuspension inoculated into 40
ml of liquid MIG medium. Lack of contamination was verified as above.

2.6 PLANT MATERIAL

Freshly collected plant material was kept on ice until used. Samples were stored at
4 5 C for up to a week. Alternatively, for longer storage periods, midribs were cut
from the leaves, dried over silica gel and kept in a screw-cap container with silica
gel. Before being used, dried midribs were rehydrated in distilled water at 4 a C
overnight.

2.7 FIXATION OF BACTERIAL CELLS

2.7.1 FORMALDEHYDE

The bacterial concentration of the culture was adjusted to a maximum of 109
cells/ml in P B S p H 7.2 (see Appendix III), and formaldehyde added to a concentration
of 0.2%. After 4 h of fixing at 4 9 C, cells were washed in P B S and stored at 4 9 C until
used.
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2.7.2

GLUTARALDEHYDE

Bacterial cultures were harvested by centrifugation at 3,000 g in culture medium
for 10 minutes, and the resulting pellet was fixed in 2.5% glutaraldehyde in PBS, pH
7.2 (see Appendix III), for 1 h at 4 Q C. The pellet was then washed three times by
centrifugation at 3,000 g for 10 minutes in 0.1 M sodium cacodylate, pH 7.2, and
processed for D N A extraction.

2.8 PURIFICATION OF BACTERIAL DNA

2.8.1 LIQUID SAMPLES

The method of Marmur (1961) was modified to prepare bacterial DNA. Medium
(250 ml) was inoculated with 100 u,l of bacterial cells (approximately 2 x 108
cells from an actively dividing culture), grown to exponential phase (18-24 h) and
harvested by centrifugation in a RC-5B Du Pont centrifuge (Du Pont de Nemours,
Wilmington, DE, USA), using the SS-34 Du pont rotor at 3,000 g for 10 minutes.
Cells were washed once in 250 ml of saline-EDTA buffer, adjusted to pH 9.0 (see
Appendix IV), centrifuged at 3,000 g at 4 9 C for 10 minutes and resuspended in 1/10
of the original volume of saline-EDTA. Lysozyme (Boehringer Mannheim, Mannheim,
Germany) was added to a concentration of 500 u.g/ml to the resuspended cell mixture,
which was then incubated at 37 Q C for 20 minutes. Sodium dodecyl sulphate (SDS)
was then added to a final concentration of 1 % (w/v) and the mixture incubated for 45
minutes at 37 e C. At this stage the mixture became very viscous. After adding sodium
perchloride

to

a

final

concentration

of

1

M,

0.5

volume

of

a

chloroform/isoamylalcohol solution (24:1 v/v ratio) was added. The mixture was
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then cooled on ice for 30 minutes with occasional mixing with a vortex in order to
produce an emulsion.

The mixture was subsequently centrifuged 12,000 g for 10 minutes at 49C. Two
phases were clearly visible with a white protein interphase. The top aqueous phase
was gently removed with a pipette, avoiding the interphase, and transferred to a clean
sterile tube.

The deproteinization step was repeated again by adding 1 volume of the chloroform/
isoamylalcohol mixture to the aqueous phase, and centrifuged again as described above
after incubating for 15 minutes at 4 9 C. The top aqueous phase w a s again gently
removed and transferred to a clean sterile tube. This process w a s carried out until no
protein interphase could be seen after centrifugation.

The DNA contained in the aqueous phase was then precipitated by the addition of two
volumes of chilled (-209C) ethanol (96%). The mixture w a s gently mixed and kept
at -70 9 C for 30 minutes, after which the D N A w a s collected by centrifugation at
12,000 g for 30 minutes at 4 9 C. The ethanol was discarded, and the pellet washed by
adding 3 volumes of chilled (-209C) ethanol (70%).

After another centrifugation,

the ethanol w a s discarded and the pellet containing D N A w a s allow to dry, then
resuspended in 2.5 ml of T E buffer (see Appendix IV).

In order to ensure the removal of the ribonucleic acid, ribonuclease A (Boehringer
Mannheim, Mannheim, Germany) w a s added to the resuspended pellet to a
concentration of 40 u.g/ml, and the solution incubated for 30 minutes at 37 9 C. Once
the digestion w a s completed, a deproteinization step was performed again to remove
the ribonuclease, and the D N A w a s precipitated again with 9 6 % and 7 0 % ethanol as
described above. D N A samples were resuspended in T E buffer at a concentration of
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100 M-g/ml as determined by spectrophotometry (section 2.10), aliquoted, and stored
at -20 9 C in sterile microfuge tubes, until used.

Fixed bacterial cells were washed three times in 10 volumes of saline-EDTA buffer,
pH 9.0, by centrifugation at 3,000 g for 10 minutes at 4 Q C, resuspended in the same
buffer at a concentration of approximately 1010 cells/ml and processed as described
above.

2.8.2 SOLID DNA SAMPLES

2.8.2.1 METHOD I (PROMEGA)

Twenty five ml of MIG medium were inoculated with 100 u.l of a bacterial culture i
the logarithmic phase (108 cells).

The culture was grown overnight to an

exponential phase and the preparation of solid D N A samples undertaken following the
method provided by Promega Corporation (Madison, Wi, U S A ) , with these
modifications:

A total volume of 300 u.l of freshly cultured bacterial cells was harvested at 12,
g for 2 minutes at room temperature in a Biofuge A benchtop microcentrifuge
(Heraeus Sepatech G m b H , Osterode a m Harz, Germany) and washed 3 times with 1.5
ml of 50 m M E D T A in distilled water, pH 8.0. After the third wash, cells were
resuspended in 400 uJ of 50 m M EDTA, pH 8.0 containing 500 ug/ml of lysozyme
(Boehringer Mannheim, Mannheim, Germany) and 0.05% of sarkosyl (Sigma, St
Louis, M o , U S A ) and left for 30 minutes at room temperature. The cells were
warmed to 40 9 C and mixed with 1 ml of molten 1 % (w/v) low melting point agarose
(Bio-Rad, Richmond, Ca, USA) in 50 m M EDTA, pH 8.0, at 50 9 C. The mixture was
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then poured onto a mould (20x9x1.2 m m ) to produce blocks, which were allow to set
at 4 9 C for 30 minutes.

Blocks were incubated for 24 h in a sterile tube with 50 mM EDTA, pH 8.0 containing
lysozyme to a concentration of 500 u.g/ml and sarkosyl (0.05%) at 37 9 C with gentle
shaking. The blocks were transferred to a fresh sterile tube containing 50 m M EDTA,
p H 8.0; 10 m M Tris-HCI, pH 8.0; 1 % (w/v) S D S ; 2 mg/ml of proteinase K
(Boehringer Mannheim, Mannheim, Germany), for a further 24 h at 50 9 C with
gentle shaking. Blocks were washed at least three times for 30 minutes in 50 m M
E D T A at room temperature, then the D N A blocks were stored at 4 9 C in 50 m M EDTA in
sterile distilled water until used.

Fixed cells of bacterial isolates were washed 3 times in 1.5 ml of 50 mM EDTA in
sterile distilled water, pH 8.0, and then processed as described above.

2.8.2.2 METHOD II (SMITH AND CANTOR)

The method of Smith and Cantor (1987) was used to prepare solid bacterial DNA.
Bacterial cells were grown overnight to an exponential phase, using the procedure
described in section 2.8.2.1. The culture was harvested by centrifugation at 7,000 g
for 10 minutes, the cells washed twice in 1 volume of 1 M NaCl, 10 m M Tris-HCI,
pH 7.6 and resuspended in the same buffer at a concentration of 2x 1 0 9 cells/ml.
The cell suspension was mixed with an equal volume of molten (509C) 1 % low
melting point agarose (Bio Rad, Richmond, CA, U S A ) in 50 m M E D T A in sterile
distilled water, pH 8.0, poured onto moulds (20x9x1.2 m m ) and incubated at 4 9 C for
30 minutes to make agarose blocks. The agarose embedded samples were incubated at
37 9 C in 10 volumes of EC-lysis solution (see Appendix IV) overnight and incubated
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for 48 h in 2 volumes of E S P solution (see Appendix IV). The samples were kept in
E S P solution until used at 4 9 C.

Fixed cells were washed three times in 1 volume of 1 M NaCl, 10 mM Tris-HCI, pH
7.6 and D N A purified in the same manner.

2.8.3 CITRUS SAMPLES

Between 5 and 10 midribs of young citrus leaves were pulverised in liquid nitrogen
and freeze-dried in a FD1 Dynavac (Dynavac Pty, Burwood, Victoria, Australia )
over 24 h. Citrus powder was filtered through a 150 u.m filter and stored at -709C
until used. Fixed and dried midribs from greening-infected material were processed
in the same manner.

Fifty mg of dried citrus powder were resuspended in 300 u.l of molten (509C) 1%
(w/v) low melting point agarose (Bio-Rad, Richmond, CA, USA) in 50 m M E D T A in
sterile distilled water, pH 8.0 and poured onto 20x9x1.2 m m moulds. Once the
agarose blocks were hardened, they were incubated at 37 S C in 50 m M E D T A in sterile
distilled water containing 1 mg/ml of proteinase K and 1 % (w/v) S D S for 48 h,
changing the buffer after 24 h. The agarose blocks were washed at least four times
for 30 minutes in 100 volumes of 50 m M EDTA. The agarose blocks containing citrus
D N A were stored at 4 9 C until used.
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2.8.4 P L A S M I D

DNA

T w o procedures for the isolation of purified bacterial plasmid were used following the
methods of Kado and Liu (1981) and Birnboim and Doly (1979).

2.8.4.1 METHOD I (KADO AND LIU)

Plasmids were purified according to the method of Kado and Liu (1981). Bacteria
were inoculated to 25 ml of LB (see Appendix II) and incubated overnight to a
logarithmic phase.

The cells were harvested from 3 ml of the culture by

centrifugation in a Du Pont SS-34 rotor (Du Pont Instruments, Wilmington, DE,
USA) for 10 minutes at 4,500 g at 4 9 C. The pellet was resuspended in 1 ml of TE
buffer (see Appendix IV) before adding 2 ml of lysis solution (see Appendix IV). The
mixture was incubated at 65 9 C for 20 minutes.

Two volumes of phenol/chloroform (1:1 v/v ratio) were added to the lysate, and the
mixture was centrifuged at 4,500 g at 4 9 C for 15 minutes after brief mixing. The
top aqueous phase was transferred to a fresh sterile tube. Plasmid D N A was
precipitated by the addition of 100 uJ of 3 M sodium acetate and 800 u.l of 9 6 % icecold ethanol followed by centrifugation at 12,000 g for 15 minutes at 4 9 C. The pellet
was washed with 1,000 u.l of 7 0 % ethanol. The ethanol was discarded, and the pellet
dried in a Speed-vac concentrator (Sabant Instruments, Farmingdale, NY, USA).
Bacterial plasmids were resuspended in 10 ul of sterile water and stored at -209C
until assayed by electrophoresis.
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2.8.4.2 M E T H O D II (BIRNBOIM A N D

DOLY)

The method of Birnboim and Doly (1979) was followed using the Pharmacia Kit Plus
system (Pharmacia, Uppsala, Sweden).

A volume of 25 ml of medium was inoculated with 100 jil of a bacterial culture in
logarithmic phase (108 cells), incubated overnight to a logarithmic phase and cells
harvested by centrifugation in a Biofuge A microfuge (Heraeus Sepatech G m b H ,
Osterode a m Harz, Germany) at 12,000 g for 2 minutes. A total of 1.5 ml of cells
were washed once in 1 volume of T E buffer (see Appendix IV) and finally resuspended
in 100 ul of buffer A (see Appendix IV).

A total of 200 u.l of buffer B (see Appendix IV) was added to the solution, the tu
inverted several times and kept on ice for 5 minutes. A volume of 150 uJ of buffer C
(see Appendix IV) was then added, the tube inverted several times to mix, and
incubated on ice for 5 minutes. The tube was centrifuged at 12,000 g in a microfuge
for 5 minutes, and the supernatant transferred to a fresh sterile tube. An equal
volume of isopropanol was added to the supernatant, and the tube mixed by inversion.
After incubation of the mixture at room temperature for 10 minutes, the mixture
was centrifuged for 15 minutes at 12,000 g. The supernatant was discarded and the
pellet resuspended in 10 p.1 of T E buffer (see Appendix IV) and stored at -209C until
used.

2.8.5 PURIFICATION OF DNA FROM GELS AFTER ELECTROPHORESIS

Agarose containing the DNA fragment of choice was excised from a gel under 254 nm
ultraviolet light, using a clean scalpel blade previously rinsed in 7 0 % ethanol and
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dried. The gel slice was placed into a spin column tube (Millipore Corporation,
Bedford, M A , U S A ) with a 0.22 u.m pore size and stored at -709C overnight.

The tube was allowed to warm to 49C and then centrifuged at 12,000 g for 30 minutes
at 4 9 C. The filter containing the remains of the agarose was discarded, and the D N A
containing solution collected at the bottom of the tube, extracted with 1 volume of
phenol.

After brief mixing, the emulsion w a s centrifuged at 12,000 g for 10

minutes at 4 9 C, the top phase transferred to a fresh sterile tube and 1 volume of
phenol/chloroform (1:1) added. After mixing, the tube was centrifuged at 12,000 g
for 10 minutes at 4 9 C, and the top aqueous phase transferred to a fresh sterile tube.
O n e volume of chloroform/isoamylalcohol (24:1 v/v) solution w a s added to the
aqueous phase and the tube vortexed and centrifuged for a further 10 minutes. The
top phase w a s transferred to a fresh sterile tube and precipitated with 1/10 volume
of 4.0 M a m m o n i u m acetate (3 urn filtered) and 2 volumes of isopropanol. The
mixture w a s kept at room temperature for 10 minutes and then centrifuged at
12,000 g for 10 minutes at room temperature. The pellet was washed with 2.5
volumes of 7 0 % ethanol and after 10 minutes at room temperature, centrifuged at
12,000 g for 10 minutes at room temperature. The pellet was dried under vacuum
and finally resuspended in 14 pJ of sterile distilled water and stored at -209C until
used.

2.9 PURIFICATION OF RIBONUCLEIC ACID

Ribosomal RNA was purified according to a protocol supplied by Professor E.
Stackebrandt Department of Microbiolgy, University of Queensland, Brisbane.
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A total of 250 ml of medium were inoculated with 2x 108 bacterial cells, grown
overnight to a logarithmic phase, and cells harvested by centrifugation in a RC-5B
Sorvall centrifuge (Du Pont, Wilmington, DE, U S A ) at 6,000 g for 10 minutes at
4 9 C. The supernatant was discarded, and the pellet kept on ice to prevent nuclease
activity.

The pellet was resuspended in 5 ml of cold 1x SSC (see Appendix IV) and disintegrated
in a french press pressure cell (Paton Industries Pty, South Australia). A total of
100 pi of a 1 0 % (w/v) S D S solution were added into the press cell prior to the
loading of the bacterial cells. The pressure during the operation was never allowed to
exceed 1000 psi.

The processed cell mixture was collected into a sterile Corex centrifuge tube (Du
Pont Instruments, Wilmington, DE, U S A ) , containing 15 ml of 1x SSC-saturated
phenol. The solution was thoroughly mixed to create an emulsion and centrifuged at
6,000 g in an SS-34 Sorvall rotor for 15 minutes at 4 9 C. The top aqueous phase
containing D N A and the bulk of the RNA, was transferred into a fresh sterile
centrifuge tube, avoiding the white interphase containing the proteins. The recovered
aqueous phase was again mixed with 15 ml of SSC-saturated phenol and the previous
purification step repeated until there was no protein interphase left. Then, 2.5
volumes of 9 6 % ethanol were added to the aqueous phase to precipitate the nucleic
acids. The tube was inverted a few times to mix the contents, and the mixture left at
-70 9 C for at least 30 minutes. Nucleic acids were recovered by centrifugation at
6,000 g for 15 minutes. The pellet w a s dried in a Speed-vac concentrator (Sabant
Instruments, Farmingdale, NY, U S A ) .

The sample was kept on ice , and 10 ml of ice-cold 3 M sodium acetate, pH 6.0 added.
The pellet w a s resuspended using a homogenizer (Polytron Kinematica, Luzern,
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Switzerland) previously rinsed with 300 ml of sterile distilled water containing
100 uJ of diethylpyrocarbonate (DEPC) for about 30 seconds. The D E P C was
removed by cleaning the probe of the homogenizer with sterile distilled water to
prevent unspecific chain termination during reverse transcriptase sequencing. The
pellet was homogenized for 10 seconds at 5 0 % power and immediately chilled on ice.
The process was repeated until there w a s no solid particles left in the tube. The final
solution w a s centrifuged at 8,000 g for 10 minutes at 4 9 C, and the supernatant
discarded. A further 10 ml of fresh 3 M sodium acetate solution were added to the
pellet and the suspension homogenized and centrifuged again. The homogenization
procedure followed by centrifugation w a s repeated until the pellet after
centrifugation looked clear. The pellet was washed in 20 ml of 7 0 % ethanol and
centrifuged again.

After the RNA pellet was dried in a Speed-vac, it was dissolved in 200 pi of steri
distilled water and transferred to a microfuge tube. Any solid particles which did not
dissolve were eliminated by centrifugation at 10,000 g for 15 minutes in a Biofuge A
microfuge (Heraeus Sepatech G m b H , Osterode a m Harz, Germany). The supernatant
was transferred to a fresh microfuge tube and stored at -209C until used.

2.10 PURITY OF NUCLEIC ACIDS

The purity and concentration of the nucleic acids was determined by spectophotomet
(LKB Ultrospec II, LKB Biotechnology, Uppsala, Sweden). The absorbance at 260 nm
and 280 n m of each nucleic acid preparation was determined, using the appropiate
blank (distilled water or T E buffer). It was assumed that 1 O D unit at 260 nm
corresponds to 50 ug of D N A per ml and 40 jig of R N A per ml (Maniatis eiai, 1982).
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The ratio of absorbances at 260 n m and 280 n m indicated the purity of the sample.
Only samples with a 260/280 ratio of between 1.7 and 2.0 were used.

2.11 DIGESTION OF DNA WITH RESTRICTION ENDONUCLEASES

2.11.1 LIQUID DNA SAMPLES

Bacterial DNA was purified according to the method of Marmur (1961) with the
modifications described in 2.8.1. The D N A concentration of the samples was adjusted
to 1pl per ml in T E buffer. Digestions were carried out in sterile 500 pi microfuge
tubes (Kartell, Italy).

A variety of restriction endonucleases, from Boehringer

Mannheim (Mannheim, Germany) and Pharmacia (Uppsala, Sweden) were used.

DNA was digested using an excess of endonucleases (5 units of enzyme per pg of DNA
to be digested) following the conditions recommended by the supplier of the enzymes.
The volume of the required digestion buffer (10x concentrated and provided by the
suppliers, see Appendix V) was always 1/10 of the total digestion mixture prepared.
The volume of restriction endonuclease was never allowed to exceed 1/10 of the final
volume. After adding the required amounts of D N A , buffer and endonuclease, sterile
distilled water was added to achieve the required final volume. The digestions were
carried out at the recommended 37 9 C in a temperature controlled water bath for a
variable length of time depending on the endonuclease being used.

The digestion was ended by heating the digestion mixture to 659C for 10 minutes,
after which the sample was immediately cooled on ice and stored at 4 9 C until used.
W h e n digestion mixtures were to be analysed by agarose gel electrophoresis, 1
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volume of tracking dye (see Appendix X) was added prior to the heat treatment, and
D N A samples were loaded onto the gel immediately after cooling on ice.

2.11.2 SOLID DNA SAMPLES

The DNA was cut, using a sterile spatula, from the agarose blocks (20x9x1.2 mm, as
described in section 2.8.2.1) as a slice containing approximately 3 pg of bacterial
DNA. The method recommended by Promega Corporation (Madison, Wl, USA) was
followed. The D N A sample was equilibrated in T E buffer (see Appendix IV) for 30
minutes on ice, in a sterile tube. Once equilibrated the T E buffer was replaced by
200 pi of 1x digestion buffer made up with 10x concentrated buffer, provided by the
supplier (see Appendix V), and sterile distilled water. The D N A sample was again
allowed to equilibrate for 30 minutes on ice. The required amount of endonuclease
(40 units per pg of D N A ) was then added to the digestion mixture, as well as 1 ug of
acetylated bovine serum albumin (BSA) (Promega Corporation, Madison, Wl, USA).
The mixture was then incubated on ice for 30 minutes.

The digestion mixture was incubated for 20 h at 379C as recommended by the
supplier. After digestion, the reaction was stopped with the addition of 1 ml of 50
m M EDTA, p H 8.0. Samples were then stored at 4 9 C until used.

2.12 CLONING OF DNA

Cloning of DNA was carried out using the pUC18/19 cloning system from Boehringer
Mannheim, Germany. Escherichia coli strain JM101 was used as a recipient of the
recombinant plasmid. All cloning techniques have been described by Maniatis eia!
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(1982) and were performed following the instructions recommended by the
supplier.

2.12.1 LIGATION OF DNA FRAGMENTS

Prior to ligation, both the plasmid vector DNA and the DNA fragments for insertion
were purified and cleaved using Sal I endonuclease in buffer H (see Appendix V), as
described in 2.11.1.

Immediately before setting up a sticky-end ligation, fresh ligation buffer and T4
ligase dilutions were made. The ligation buffer was m a d e by mixing one volume of
10x concentrated ligation buffer (provided by the supplier of the kit) with nine
volumes of sterile redistilled water.

A total of 1 pi of T4 ligase (Boehringer

Mannheim, Mannheim, Germany) was added to 4 pi of freshly prepared 1x ligation
buffer, to give a final enzyme concentration of 0.2 units/pl. This solution is stable
for only a few hours at 4 9 C. The ligation reaction (see Appendix VI) was prepared in
a sterile microfuge tube, by the addition of 1pl (0.1 pg) of cleaved plasmid DNA, 7 pi
of Sal l-digested TA01 D N A (15 ng/pl), 1pl of 10x concentrated ligation buffer and
1pl (0.2 units) of T4 freshly diluted ligase. The ligation mixture was then incubated
overnight at 15 9 C.

2.12.2 PREPARATION OF COMPETENT CELLS

A single colony of Escherichia coli JM101 grown on freshly prepared LB plates
without ampicillin and then inoculated into 5 ml of LB medium containing ampicillin.
The culture was incubated overnight at 37 9 C with vigorous aeration. A volume of 40
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mi of fresh LB medium was inoculated with 0.4 ml of the overnight culture, and
incubated at 3 7 9 C for 3 h.

The concentration of the cells was estimated by

haemocytometer and the cells harvested by centrifugation in a RC-5B DuPont
centrifuge with a SS-34 rotor at 3,000 g for 10 minutes at 4 9 C. The pellet was
resuspended in 20 ml ice-cold sterile 50 m M calcium chloride solution and allowed
to stand on ice for 30 minutes. Cells were harvested as described above and
resuspended in 4 ml of ice-cold 50 m M calcium chloride solution at a concentration
of approximately 108 cells/ml.

At this stage cells are competent and ready to use. Cells were used immediately,
before 24 h, or stored indefinetely by resuspending the pellet in 50 m M calcium
chloride containing 1 5 % glycerol, aliquoted to 300 pi, and stored at -709C.

2.12.3 TRANSFORMATION OF COMPETENT CELLS

The freshly ligated mixture (section 2.12.1) was diluted with sterile 50 mM TrisHCI, p H 7.2 to give a final volume of 50 pi and kept on ice. The ligation solution was
mixed with 300 pi of competent cells in a thin-walled test tube on ice and incubated
for 40 minutes. The tubes were warmed to 42 9 C for 3 minutes and allowed to stand
on ice for a further 10 minutes. A volume of 1 ml of LB medium without ampicillin
was added to the test tube and incubated for 1 h at 37 9 C in a shaking incubator. As a
control experiment, competent cells were transformed with non-recombinant
plasmid DNA.

The cell mixture was distributed onto freshly prepared LB plates containing
ampicillin (100 pg/ml), X-gal (0.004%) and 0.5 m M IPTG (see Appendix II). A
total of 0.2 ml of cell solution were added onto each plate and incubated at 37 9 C
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overnight. A s a control, similar plates were incubated with cells transformed with
non-recombinant plasmid D N A .
untransformed

A number of plates were incubated with

Escherichia coli JM101 cells, to confirm the efficiency of the

ampicillin in the plates.

2.12.4 SCREENING OF RECOMBINANT CLONES

After overnight incubation, the resulting colonies were investigated. Colonies
transformed with unligated vector plasmid were blue, due to the action of the 6galactosidase gene product of the plasmid in the presence of X-gal in the plates, while
recombinant colonies were white due to the inactivation of the 3-galactosidase gene
(despite the presence of the promoter inducer IPTG) by insertion of foreign D N A into
the cleaved plasmid during ligation.

White colonies were carefully selected under the dissecting microscope and
individually plated onto fresh LB plates containing ampicillin to confirm that they
were recombinants. All positive recombinants were further analyzed to determine
their insert size by plasmid purification, Sal I endonuclease digestion, and agarose gel
electrophoresis.

Confirmed clones were grown in liquid LB medium containing

ampicillin overnight, and stored at -70 a C.

2.13 SEQUENCING OF RNA

Sequencing of rRNA from AU01 and SA03 was performed following the chain
termination method of Sanger eiai (1977) with modifications of Dorsch (personal
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communication). The protocol involves primer hybridisation, reverse transcription
and terminal transferase tailing of cDNA.

2.13.1 PRIMER HYBRIDISATION

A separate reaction was prepared for each of the primers (357, 787 and 1,390, see
Appendix XV). T w o pi of purified ribosomal R N A (3 pg/pl) prepared as in section
2.9 were mixed with 2 pi of one of the primers (200 ng/pl) and 1 pi of 5x
hybridisation buffer (see Appendix VII) in a sterile microfuge tube. The solution was
well mixed and heated for 2 minutes in a water bath at 95 9 C to denature the secondary
structure of the R N A and facilitate the attachment of the primer to the target site.
Following denaturation, hybridisation w a s performed for 1 h at 55 9 C. The sample
was then concentrated in the bottom of the tube by brief centrifugation and stored on
ice.

2.13.2 TRANSCRIPTION

The transcription mixture (see Appendix IX) was prepared in an microfuge tube and
stored on ice until used. A total of 1pl of «-labelled d A T P 3 2 p (specific activity
3,000 Ci/mM) w a s dried in a separate microfuge tube under vacuum using a Speedvac concentrator (Sabant Instruments, Farmingdale, NY, USA).

The transcription mixture (10 pi) was added to the tube containing the hybridisation
solution (section 2.13.1), the tube mixed and the final volume (15 pi) added to the
microfuge tube containing the dried d A T P 3 2 p . After 2 minutes the tube contents
were mixed well, and 3 pi aliquots removed and added to each of four tubes labelled A,

49

C, G and T. A total of 2 pi of nucleotide solution (see Appendix VII) were pipetted into
each corresponding tube, mixed and incubated for 30 minutes at 43 9 C. Chase solution
(2 pi, see Appendix VII) was added to each tube and the contents incubated for a
further 15 minutes at 43 9 C.

2.13.3 TERMINAL TRANSFERASE TAILING OF cDNAs

Once the transcription procedure was finished, the four tubes (A, C, G and T) were
heated for 2 minutes at 95 9 C in a water bath and rapidly chilled on ice. The terminal
transferase tailing buffer (see Appendix VII) was freshly prepared in a separate
sterile microfuge tube. An aliquot of 35 pi of tailing buffer was added to each of the
four tubes containing the transcription solution. After the addition of the buffer, the
tubes were incubated for 90 minutes at 37 9 C. Once finished, the reaction products
were precipitated with 35 pi of 3 M sodium acetate, pH 4.8, and 350 pi of 9 6 %
ethanol, and the solution kept at -70 9 C for 15 minutes. The D N A was centrifuged for
15 minutes at 12,000 g and the ethanol discarded. The labelled D N A pellet was
washed in a total of 500 pi of 7 0 % ethanol and centrifuged again for 15 minutes. The
resulting pellet was dried under vacuum and dissolved in 10 pi of electrophoresis dye
(see Appendix X). The final samples were stored at -209C.

2.14 SEQUENCING OF DNA

The sequencing reaction was performed with the gene for the 16S rRNA, prepared by
amplification using the polymerase chain reaction (section 2.15), according to the
chain termination method (Sanger eiai, 1977), and using the reagents of the
Sequenase (version 2.0) system from United States Biochemical Corporation
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(Cleveland, O H , USA) with slight modifications (Dorsch, personal communication).
The whole sequencing procedure includes annealing of the template and primer,
labelling reaction and termination.

2.14.1 ANNEALING TEMPLATE AND PRIMER

A separate reaction was prepared for each primer used (357, 530, 690, 1,390 and
1490, see Appendix XV). In a sterile microfuge tube, 1pl of primer (50 ng/pl) was
mixed with 2 pi of reaction buffer (see Appendix IX) and 7 pi of PCR-amplified
bacterial D N A (150 ng/pl) prepared as in section 2.15. The solution was made up to
10 pi with sterile deionised distilled water. The mixture was incubated at 90 9 C for 2
minutes in a water bath and the sample rapidly frozen by placing the tube in 9 6 %
ethanol chilled at -709C for 10 seconds. The labelling reaction was carried out
without delay, having all the reaction mixtures and dilutions ready on ice.

2.14.2 LABELLING REACTION

A number of reaction mixtures were prepared fresh before the labelling reactio
performed. A total of 2.4 pi of labelling mix (dGTP, see Appendix IX) were combined
with 10 pi of sterile deionized water and kept on ice. At the same time, 10 pCi of
[oc-32p]dATP (specific activity 300 Ci/mM) label (ICN Biochemicals, Costa Mesa,
CA, USA) were added to a microfuge tube and dried under vacuum. One pi of DTT and 2
pi of diluted labelling mix were added to the tube containing the dried label. After
resuspending, the contents of the latter tube was added to the template solution
(section 2.14.1) together with 0.24 pi of Sequenase enzyme diluted with 1.75 pi of
Sequenase dilution buffer and incubated for 1 minute at 20 9 C.
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2.14.3 TERMINATION

REACTION

Four tubes were labelled A, C, G and T. A volume of 2.5 pi of the ddATP termination
mix (see Appendix IX) was added to the A tube. Similarly, 2.5 pi of the ddCTP, ddGTP
and ddTTP termination mixtures were added into the C, G and T tubes, respectively.
The tubes were preincubated at 37 9 C for at least 1 minute. After samples had been
labelled (section 2.14.2), 3.2 pi aliquots of the labelling reaction were transferred
to each of the A, C, G and T tubes. After mixing briefly, each sample was incubated for
a total of 3-5 minutes at 37 9 C. A total of 4 pi of stop solution (see Appendix IX)
were added to each of the four tubes, mixed thoroughly and the samples stored on ice
until ready to load on the sequencing gel.

2.15 POLYMERASE CHAIN REACTION (PCR)

PCR was performed on bacterial DNA to amplify the full 16S rRNA gene of 1,500 bp.
The reaction was carried out using the method described by Saiki ei al (1985) using
a T E C H N E thermal reactor (Cambridge, UK) at room temperature. The amplifications
were carried out in 500 pi microfuge tubes containing 100 pi of reaction mixtures,
including 400 ng of template D N A derived from bacteria to be tested and prepared as
in section 2.8.1, 2 pi (100 ng/pl) of each primer (10 and 1,500, see Appendix
XV), 4 0 pi of nucleotides (see Appendix VIII), 10 pi of polymerase buffer (see
Appendix VIII), and sterile distilled water to 99.6 pi. Samples were covered with
mineral oil to prevent evaporation.

Samples were placed in the thermal reactor where the temperature was set at 989C
for 2.5 minutes and allowed to drop to 23 9 C. Once the denaturation of the template
w a s accomplished, samples were incubated on ice with 0.4 pi (2 units) of Tag
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polymerase (Perkin Elmer Cetus, Melbourne, Australia).

Amplification was

conducted for 28 cycles using an annealing temperature of 43 9 C for 1.5 minutes,
followed by extension at 72 9 C for 2 minutes and denaturation for 1 minute at 93 9 C.

Once the PCR was complete, a 10 pi sample of the resultant products was taken
(avoiding the mineral oil) and analysed on agarose gel electrophoresis. W h e n D N A
fragments of appropiate size expected for the amplified product were detected, the
amplification mixture w a s purified with a phenol extraction, followed by a
phenol/chloroform (1:1 v/v ratio) and a chloroform/isoamylalcohol (24:1 v/v
ratio) extraction, as described in 2.8.5. D N A was then precipitated with 9 pi of 3 M
sodium acetate, p H 4.8 and 180 pi of ice-cold 9 6 % ethanol. The sample was
incubated for 15 minutes at -70 9 C and centrifuged at 12,000 g for 10 minutes at
4 9 C. The ethanol w a s carefully discarded, and the pellet washed in 250 pi of 7 0 %
ethanol for 10 minutes at -70 9 C. The sample was again centrifuged and the ethanol
discarded. The pellet was dried in a Speed-vac concentrator (Sabant Instruments,
Farmingdale, NY, USA).

The concentrated DNA was resuspended in 15 pi of sterile distilled water and
subsequently separated by an 0.7% agarose gel electrophoresis (section 2.16.1) at
80 V for 4 h with 3 pi of tracking dye (see Appendix X).

The band containing the DNA of appropiate size to be the amplified product for the
complete 16S rRNA sequence (1,500 bp) was excised from the gel under 254 nm
ultraviolet light. The D N A was then purified from the agarose gel slice in a Millipore
ultra-free filter unit (Millipore Corporation, Bedford, MA, U S A ) as described in
section 2.8.5 and finally resuspended in 14 pi of sterile distilled water, yielding a
D N A concentration of 150 ng/pl.
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2.16 GEL ELECTROPHORESIS OF NUCLEIC ACIDS

2.16.1 UNIDIRECTIONAL AGAROSE GEL ELECTROPHORESIS

Horizontal submerged agarose gel electrophoresis was used to resolved RNA and DNA
fragments less than 50 kb long, as described in Maniatis eiai (1982).

A variable concentration of agarose, between 0.7% and 1.5%, was dissolved in an
appropiate volume of 1x T B E (see Appendix X) by heating the mixture to the boil.
W h e n ethidium bromide was used, a total of 5 pg/ml was added to the mixture after
the temperature dropped to 60 9 C. Once the temperature was below 60 e C, the gel
(12x6x0.6 cm) was cast and allowed to set for 30 minutes at room temperature.

Once the gel was set, liquid nucleic acids samples, up to 10 pi, were loaded toget
with 1 volume of tracking dye (see Appendix X). The electrophoresis was started
immediately after the samples were loaded. Nucleic acids standards of appropiate
sizes (section 2.17) were included in each gel.

The electrophoresis equipment utilized were the GNA-100 and GNA-200 from
Pharmacia-LKB Biotechnology (Pharmacia-LKB Biotechnology, Uppsala, Sweden)
linked to a 3000 E C P S power supply (Pharmacia-LKB Biotecnology) to control the
electrophoresis conditions. The parameters involved were the voltage, current and
time and were adjusted in each individual experiment. The gels were run at a
constant voltage.

The progress of the electrophoresis was monitored throughout the experiment, by
briefly stopping the electrophoresis and viewing the gel under an ultraviolet light
with a wavelength of 302 n m (Transilluminator, U V Products, San Gabriel, CA, USA)
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when the gel contained ethidium bromide. W h e n ethidium bromide was absent, the
progress of the gel was monitored solely by the migration distance of the tracking dye
added to the samples.

After electrophoresis, the gels without ethidium bromide were stained in 1x TBE
containing 1pg/ml of ethidium bromide for 15 minutes, followed by detaining in
distilled water for 30 minutes. The gels were viewed under ultraviolet light at 302
n m (Transilluminator, U V products, San Gabriel, C A , U S A ) and photographed if
appropiate with Polaroid film (Polaroid Corporation, Cambridge, M A , U S A ) as
described under section 2.22.2.

2.16.2 PULSED FIELD AGAROSE GEL ELECTROPHORESIS

A CHEF II pulsed field gel electrophoresis system (Bio-Rad, Richmond, CA, USA) was
used, following the instructions of the manufacturer. Agarose gels (1%) (Pharmacia
Biotechnology, Uppsala, Sweden) were utilized and run in 0.5X T B E buffer (see
Appendix X) which w a s continuously recirculated at a flow of approximately 1
liter/minute with a pump. The buffer in the electrophoretic chamber was kept at a
constant temperature of 14 9 C throughout the electrophoresis run with the help of a
water chiller. The ratio of pulses between fields w a s always 1:1, while voltage,
initial and final pulse time, as well as total running time varied with parameters
such as D N A samples, restriction endonucleases used and range of molecular weight
fragments to be optimally resolved.

Likewise, molecular weight markers of

appropiate sizes (section 2.17) were included.

Agarose gels (5.5"x5") were prepared as mentioned in section 2.16.1 and without
ethidium bromide. Liquid D N A samples were loaded into the wells with 1 volume of
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tracking dye (see Appendix X), once the gel was already submerged in buffer.
Electrophoresis was allowed to proceed for 5 minutes before the recirculating pump
was swithed on, to prevent the flow of buffer from washing the samples out of the
wells. Solid D N A samples, prepared as described in section 2.8.2.1, were loaded
prior to placing the gel in the electrophoresis chamber. The remainder of the well
was then sealed with a solution of 0.8% low melting point agarose (Bio-Rad,
Richmond, CA, U S A ) in 0.5X TBE, removing bubbles from the wells. W h e n conditions
required prolonged electrophoresis, electrophoresis was briefly stopped and cold
buffer changed every 24 h.

Once the electrophoresis was finished, gels were stained in 0.5 X TBE (see Appendix
X) containing 5 pg/ml of ethidium bromide for 30 minutes with gentle agitation.
Gels were destained in distilled water for 2 h before viewing the gel under 302 nm
ultraviolet light (Transilluminator, U V Products, San Gabriel, CA, U S A ) . W h e n
required, photographs were taken using Polaroid film (Polaroid Corporation,
Cambridge, M A , U S A ) as described in section 2.22.2.

2.16.3 POLYACRYLAMIDE GEL ELECTROPHORESIS

Sequencing was performed using the Macrophor 2010 LKB electrophoresis unit
(LKB, Uppsala, Sweden) powered by the LKB 2297 Macrodrive 5 constant power
supply (LKB).

The L K B thermal electrophoresis plate was thoroughly washed

several times with distilled water and ethanol and finally coated with repel-silane
(LKB). The front plate was similarly washed with distilled water and ethanol and
coated with bind-silane (LKB).
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Polyacrylamide gel solution (see Appendix X) was prepared, and stored at 4 9 C. A
volume of 75 ml of polyacrylamide solution w a s filtered (0.45 p m ) just prior to
pouring the gel, and 120 pi of ammonium persulphate ( 5 0 % in distilled water) and
60 pi of T E M E D (Bio-Rad, Richmond, CA, USA) were added. The solution was mixed,
and poured to form a (60x20 cm) gel with spacers to create a gradient width from
0.1mm at the top to 0.3 m m at the bottom of the gel. Once poured, the gel was allowed
to polymerise for at least 20 minutes and up to 20 h at room temperature.

Gels were pre-electrophoresed at 2,000 volts for 30 minutes, mantained at a
constant temperature of 55 9 C with an LKB Multi T e m p II thermostatic circulator
water bath. The samples, prepared as in section 2.13 and 2.14, were denatured in a
water bath at 95 9 C for 2 minutes and kept on ice while being loaded. Approximately
2 pi of sample were loaded into each well. Electrophoresis was carried out at 2,000
volts either for 2.5 h (short run) or 6 h (long run) at a constant temperature of
55 9 C.

After electrophoresis was completed, the gel was washed in 10% acetic acid for 20
minutes, followed by another 20 minutes in 1 0 % acetic acid containing 1 % glycerol.
The gel w a s then briefly washed with water and dried under a fan heater for 20
minutes. Once dried, the gel was subjected to autoradiography.

2.17 MOLECULAR WEIGHT ESTIMATION

An estimation of the molecular weight of nucleic acid fragments was made after they
were separated by agarose gel electrophoresis, both unidirectional and pulsed field.
Nucleic acids preparations were run alongside suitable molecular weight markers of
appropiate sizes. These included molecular weight markers I (bacteriophage lambda
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D N A digested with Hind III) (Boehringer Mannheim, Mannheim, Germany), and
molecular weight markers II (bacteriophage lambda D N A digested with Eco Rl plus
Hind III) (Bio-Rad Laboratories, Richmond, CA, USA), ladders of 4.85 Kb and 48.5
Kb (bacteriophage lambda D N A ) D N A concatamers, and yeast chromosomes from
Saccaromvces cereviseae (see Appendix XVI). Gels used for molecular weight
estimation were run without ethidium bromide which interpheres with the nucleic
acid mobility.

The distance migrated by the DNA fragments was measured to the centre of the band
maximum peak height with visual measurements or Ultrascan XL laser densitometer
scanned (LKB, Uppsala, Sweden) gels, respectively.

Bearing in mind that the

logarithm of the molecular weight of the nucleic acid fragment is inversely
proportional to the distance migrated by the fragment in the gel, a standard curve
plotting the logarithm of the molecular weight markers versus its migration
distances in the gel was used to estimate the molecular weight of unknown D N A
fragments (see Appendix XVI).

2.18 IMMOBILISATION OF DNA SAMPLES ON MEMBRANES

2.18.1 SPOTTING OF DNA ON MEMBRANES

Nucleic acid samples, prepared as in 2.8.1, were blotted onto Zeta-Probe nylon
membranes (Bio Rad, Richmond, CA, USA) following the protocol described by Reed
and Mann (1985). D N A samples were made up to 500 pi with 0.4 M N a O H , 10 m M
E D T A and the mixture heated to 95 9 C for 10 minutes to denature nucleic acids. The
samples were quickly cooled on ice.
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A nylon membrane of appropiate size was wetted for 2 minutes in boiling distilled
water and placed in the Mani-Fold II (Schleicher and Schuell, Dassel, Germany) with
a sheet of blotting paper (Schleicher and Schuell). The Mani-Fold II was attached to a
vacuum source and samples were loaded into the wells. W h e n samples were dried, a
volume of 500 pi of 0.4 M N a O H was added to each well with the vacuum still
operating. Once all wells were dried, the vacuum was disconnected, the Mani-Fold
disassembled and the nylon membrane washed briefly in 2X S S C (see Appendix IV).
The membrane was blotted lightly with filter paper and stored between two dry sheets
of filter paper (Whatman N#1, Whatman International, Maidstone, UK) and sealwrapped at -20 9 C until used.

Alternatively, denatured samples were hand-spotted using a micropipette
(Eppendorf, Netheler-Hinz, Germany) onto dried positively charged nylon
membranes (Boehringer Mannheim, Mannheim, Germany). Once the spots were
dried, the D N A was cross-linked to the membrane for 3 minutes in the U V
Stratalinker (Stratagene, La Jolla, CA, USA) and stored dried until used.

2.18.2 SOUTHERN BLOTTING

Nucleic acids in agarose gels were transferred to nylon membranes following the
alkaline blotting method developed by Southern (1975) and modified by Reed and
M a n n (1985).

Once electrophoresis was complete, the gel was stained with ethidium bromide
(section 2.16.1) and visualised under 302 n m ultraviolet light. The desired portion
of the gel was cut to size with a sterile scalpel and soaked in 2 volumes of 0.25 M HCI
for 5 minutes with gentle agitation. The process was repeated with fresh HCI
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solution. After the acid depurination, the gel was rinsed in distilled water for 2
minutes and transferred to a nylon membrane immediately. Transfer was carried out
overnight in 0.4 M N a O H under very light pressure, following the protocol described
by Reed and Mann (1985) and the transfer set as suggested by Davis eiai (1986).

Once the transfer was complete, the membrane was rinsed in 2x SSC and blotted
lightly. Once dry, the blot was stored at -209C between two sheets of filter paper and
seal-wrapped until used.

Alternatively, the nylon blot (Boehringer Mannheim,

Mannheim, Germany) was laid for 10 minutes on top of a filter paper soaked in 1 M
Tris-HCI, pH8.0; 1.5 M NaCl, then baked at 120 9 C for 30 minutes (Boehringer
Mannheim, DIG manual) and stored at room temperature between clean dry filter
paper (Whatman N#1) sheets until used.

2.19 RADIOISOTOPIC HYBRIDISATION

The radioactive label utilised was deoxycytidine 5'-(e*:-32p) triphosphate
triethylammonium salt in stabilised aqueous solution at 10 mCi/ml, supplied by
Amersham (Amersham, Amersham, UK).

2.19.1 NICK TRANSLATION LABELLING OF DNA

The method used was derived from procedures described by Maniatis ei al (1982) and
Rigby eiai (1977). Prior to the labelling reaction, 500 ng of D N A to be labelled
were denatured in a water bath at 100 9 C for 10 minutes and quickly chilled on ice. A
total of 100 pCi of 32p label were added to the reaction mixture (see Appendix XI)
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for each labelling experiment following the instructions of the supplier of the Rapid
hybridisation system (Amersham, Amersham, UK) and Maniatis eiai (1982).

The reaction mixture was incubated at 159C for a length of time dependent on the DN
probe size and then stopped with 2 pi of 0.5 M E D T A , pH 8.0. Unincorporated
nucleotides were removed by subjecting the sample to a nick chromatography column
(Pharmacia-LKB Biotechnology, Uppsala, Sweden) in T E buffer (Appendix IV) and
stored at -20 9 C until used.

The activity in c p m per pg of D N A labelled was

established by precipitation with 5 % trichloroacetic acid, as described by Maniatis ei
al (1982), and subsequently counting in a G-particle counter.

2.19.2 PREHYBRIDISATION OF MEMBRANES

The nylon membrane to be hybridised was placed inside a polythene bag and heatsealed on three sides. The blot was immersed in the hybridisation buffer supplied by
Amersham, Amersham, UK, previously warmed to 65 9 C, making sure that the
membrane w a s completely covered with solution and allowing 5 ml of buffer per 100
c m 2 . The bag was then heat-sealed on its fourth side to make it completely watertight.

Prehybridisation was conducted in a shaking water bath at 659C for a period of time
between 15 and 90 minutes.
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2.19.3 HYBRIDISATION OF MEMBRANES

Once the prehybridisation was complete, the bag was cut open and the hybridisation
buffer discarded. The nylon membrane was never allowed to dry. A variable amount
of labelled D N A probe was used for each hybridisation experiment, although it was
kept within the range of 40 to 100 ng per ml of hybridisation buffer. D N A probe was
freshly denatured by heating at 100 9 C for 10 minutes in a water bath and rapidly
chilled on ice. Fresh hybridisation buffer (approximately 10 ml per 100 c m 2 of
membrane) was pre-warmed at 65 9 C and mixed with the denatured labelled probe
prior to pouring the mix into the hybridisation plastic bag containing the nylon
membrane. The bag was then heat-sealed, introduced inside a second heat-sealed
polythene bag, for safety reasons, and incubated in a shaking water bath (80 rpm) at
65 S C for 2 h.

2.19.4 POSTHYBRIDISATION OF MEMBRANES

After hybridisation, the membrane was retrieved from the plastic bags, and the
hybridisation buffer safely discarded. At this stage, the blot registers high activity
when monitored with a geiger counter. The membrane was subjected to a series of
washes:
- Twice with 50 ml of 2x S S C (see Appendix IV), 0.1% S D S (w/v) for 10
minutes at room temperature.
- Once with 50 ml of 1x S S C , 0.1% S D S (w/v) for 15 minutes at 65 9 C.
- Twice with 50 ml of 0.7x S S C , 0.1% S D S (w/v) for 15 minutes at 65 e C.

After the washes, blots were wrapped in plastic seal and subjected to autoradiograp
as described in 2.20.

62

2.20 AUTORADIOGRAPHY

After the posthybridisation washes, the blot was left with a sheet of Hyperfilm M P
(Amersham, Amersham, UK) inside an X-Kodak cassette (Kodak, Rochester, NY.USA)
using two Kodak intensifying screens. Autoradiography was allowed to proceed at 70 9 C for 20 to 72 h, depending on the specific activity of the probe.

Sequencing gels were left with a Fuji X-ray film (Fuji, Tokyo, Japan), covered with
a glass plate and wrapped in aluminium foil and secured with clamps to prevent the
movement of the film. The foil package was wrapped in two black plastic bags and
kept at room temperature or -70 9 C for a length of time between 24 and 72 h.

Once exposed, films were developed in the dark using either D19 developer (Kodak)
or Phenisol X-ray developer (ILFORD Pty, S* Waverley, Victoria, Australia) until
radioactivity signals were present and then fixed in Rapid fixer (ILFORD) for 2
minutes as suggested by the supplier of the X-ray film. After being thoroughly
rinsed in water, the film was allowed to air-dry before being examined.

2.21 NON-RADIOACTIVE HYBRIDISATION

Non-radioactive labelling of DNA was accomplished using the digoxigenin labelling
and detection system (DIG) from Boehringer Mannheim (Mannheim, Germany).
Labelled probes were generated with Klenow polymerase by random-primed
incorporation of digoxigenin-labelled deoxyuridine. The d U T P is linked via a spacer
arm to the steroid hapten digoxigenin (DIG-dUTP). The instructions of the supplier
were followed.
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2.21.1 LABELLING OF DNA PROBE

D N A was labelled by the random priming method described by Feinberg and Vogelstein
(1983). Five to ten pi of purified E. coli (Sigma Corporation, St Louis, M O , USA)
D N A (2 pg/pl) were sheared by passing it 10-12 times through a 19 gauge needle.
The D N A was then denatured in a microcentrifuge tube by incubation in a water bath
at 95 9 C for 10 minutes, quickly chilled on ice and added to the rest of the digoxigenin
(DIG) labelling reaction mixture up to 20 pi (see Appendix XII). Alternatively,
labelling reactions were prepared using double of each reagent recommended by
supplier, in a 40 pi reaction. The sample was briefly centrifuged at low speed in a
Biofuge A benchtop microcentrifuge (Heraeus Sepatech G m b H , Osterode a m Harz,
Germany) and then incubated for 20 h at 37 9 C.

The labelling reaction was stopped with the addition of 4 pi of 0.2 M EDTA, pH 8.0 an
the D N A precipitated with 5 pi of 4.0 M LiCI in distilled water and 150 pi of
prechilled (-209C) 9 6 % ethanol. After mixing well, the mixture was stored for 1 h
at -70 9 C to precipitate the D N A .

The sample was centrifuged at 12,000 g for 10 minutes and the ethanol carefully
removed. The pellet was washed with 300 pi of 7 0 % ethanol. The resulting DNAcontaining pellet w a s dried under vacuum and dissolved for 30 minutes at 37 9 C in
100 pi of buffer 4 (see Appendix XIV).

The labelling efficiency of the DNA probes was checked by comparison with a DIGlabelled control D N A provided by the manufacturer of the labelling system.
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2.21.2 PREHYBRIDISATION OF MEMBRANES

Positively charged nylon membrane filter (Boehringer Mannheim, Mannheim,
Germany) w a s prepared with bound D N A to be hybridised (section 2.18) and placed
inside a plastic bag. Hybridisation buffer (see Appendix XIII), warmed to 68 9 C, was
added to the membrane at a concentration of 20 ml per 100 c m 2 . The plastic bag was
heat-sealed and prehybridisation w a s allowed to proceed for between 1 and 6 h at
65 9 C, in a shaking water bath.

2.21.3 HYBRIDISATION OF MEMBRANES

The required amount of probe prepared as in section 2.21.1 was denatured by heating
at 100 9 C for 10 minutes in a water bath followed by immediate chilling on ice.

Once the prehybridisation was complete, the plastic bag was cut open and the buffer
discarded. Care was taken not to let the membrane dry before hybridisation began. A
volume of fresh hybridisation buffer (Boehringer Mannheim, Mannheim, Germany),
2.5 ml per 100 c m 2 , w a s mixed with the freshly labelled probe and poured inside the
plastic bag. Bubbles were removed from the hybridisation buffer inside the bag, and
the bag heat-sealed.

T h e hybridisation solution w a s evenly distributed on the

membrane and hybridisation undertaken in a shaking waterbath at 68 9 C for 20 h,
with occasional redistribution of the buffer.

2.21.4 POSTHYBRIDISATION OF MEMBRANES

After hybridisation, the filter was washed in a series of buffers:
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- Twice in 50 ml of 2x S S C , 0.1% S D S (w/v) for 5-10 minutes at room
temperature.
- Twice in 50 ml of 0.1 x S S C , 0.1% S D S (w/v) for 15 minutes at 68 9 C.

When high stringency washes were not necessary, the second washing condition was
changed to 2x S S C , 0.1% S D S , at either 68 or 50 9 C. The membrane was then used
directly for immunological detection or stored air-dried between sheets of filter
paper until needed.

2.21.5 IMMUNOLOGICAL DETECTION OF MEMBRANES

The immunological detection of the membrane-bound DNA samples by the DIGlabelled probe was performed according to the instructions of the supplier. All
incubations were carried out at room temperature and, except for the colour
reaction, with gentle shaking. Volumes stated were calculated for a standard blot of
100 c m 2 and were adapted to the size of the filters in the different experiments.

The membrane was washed for 1 minute in buffer 1 (see Appendix XIV) and incubated
for 30 minutes in 100 ml of buffer 2 (see Appendix XIV). A dilution of the antibodyconjugate to a concentration of 150 mU/ml (1:5,000 dilution in antibody dilution
buffer, see Appendix XIV) was freshly prepared and the filter was incubated for 30
minutes to 1 h with about 20 ml of the antibody-conjugate dilution. The excess
unbound antibody was removed with two to three washes, each for 15 minutes with
100 ml of buffer 1 and the membrane was then equilibrated with 20 ml of buffer 3
(see Appendix XIV) for 2 minutes.
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The colour reaction was undertaken with 10 ml of freshly prepared colour solution
(see Appendix XIV). The blot was left with the colour solution in a sealed box at room
temperature in the dark. The development was monitored at 30 minute intervals
until completed over 12 to 72 h. Once complete, the reaction was stopped by the
addition of 50 ml of buffer 4 (see Appendix XIV) for 5 minutes and the results
documented by either photocopying the blot or by photography. To store the filter,
the membrane was seal-wrapped while still wet in buffer 4 and stored in the dark.

2.22 PHOTOGRAPHY

2.22.1 LIGHT PHOTOGRAPHY

Light photography was carried out with an EM Nikon 35 mm camera loaded with Fuji
100 A S A type film, or with a M P 4 Polaroid land camera (Polaroid Corporation,
Cambridge, M A , U S A ) loaded with Polaroid 665 type film.

In either case,

photographs were taken setting an aperture of f8 and a variable exposure time, 1/4th
of a second to 5 seconds, depending on the subject. External light support and a
lightbox were used as appropiate, as well as a H O Y A (Tokyo, Japan) close up filter
set.

2.22.2 ULTRAVIOLET LIGHT PHOTOGRAPHY

Photography under ultraviolet light was performed using the 302 nm
transilluminator (UV Products, San Gabriel, CA, USA). The gels were photographed
with an M P 4 Polaroid land camera (Polaroid Corporation, Cambridge, M A , USA)
using 665 positive/negative Polaroid type film and an orange filter. The aperture
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was mantained at f5.6 while exposure time ranged depending on the magnification of
the photograph, between 45 and 90 seconds.
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3 RESULTS

3.1 PURIFICATION OF NUCLEIC ACIDS FROM FIXED BACTERIAL CELLS

Due to Australian quarantine regulations, no work was allowed on live bacterial
cultures at the University of Wollongong. Therefore, it became a prerequisite to
develop a method to purify nucleic acids from fixed bacterial cells. Further, the
quality of the nucleic acids had to allow digestion with endonucleases, sequencing, and
cloning.

3.1.1 DEOXYRIBONUCLEIC ACID

An estimated 108 AU01 cells (0.1 ml) were inoculated to 50 ml of 523 medium (see
Appendix II) and grown overnight to a logarithmic phase. Three 300 pi aliquots were
taken. T w o aliquots were fixed in formaldehyde (section 2.7.1) and glutaraldehyde
(section 2.7.2), respectively. The third aliquot w a s not fixed. D N A was purified from
all three samples as described in section 2.8.1.

A total of 2 pg of DNA from each preparation was digested with 88 units of Not I
endonuclease in buffer H (see Appendix V), as described in section 2.11.2, and
subsequently subjected to pulsed field electrophoresis at 100 V for 21 h using 15
second pulses. After ethidium bromide staining, the gel w a s photographed under 302
n m ultraviolet light (Fig.1).

No differences were seen between all three samples, thus indicating that the fixing of
cells with either glutaraldehyde or formaldehyde under these given conditions (section
2.7) has no apparent detrimental effect on the D N A quality after extraction and
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F I G U R E 1 - Purification of D N A from fixed A U 0 1 cells

DNA was purified from fixed and untreated cells. After digestion of 2 pg of DNA from
each sample, resulting fragments were separated on a pulsed field electrophoresis gel
at 100 V at 15 second pulses for 21 h. D N A prepared from untreated cells (Lane 1),
D N A prepared from cells fixed with formaldehyde (Lane 2), and from cells fixed with
glutaraldehyde (Lane 3), resulted in a very similar pattern.
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electrophoresis. All D N A samples from fixed cells examined in this study were
prepared by the formaldehyde method.

3.1.2 RIBOSOMAL RIBONUCLEIC ACID

An aliquot of 0.2 ml of AU01 (2x108 cells) was inoculated into 250 ml of 523
medium (see Appendix II), and grown overnight to a logarithmic phase. The culture
was divided into three 80 ml aliquots. T w o aliquots were fixed; one with formaldehyde
(section 2.7.1) and one with glutaraldehyde (section 2.7.2).

The third aliquot

remained untreated. Ribosomal R N A (rRNA) was purified from all three samples as
described in section 2.9. O n e pi from each preparation was run on a 1 % agarose gel,
and electrophoresis conducted at 70 V for 2 h, followed by ethidium bromide staining
and photography under 302 n m ultraviolet light (Fig. 2).

None of the RNA samples had any sign of DNA contamination, as determined by RNase
digestion, and their migration in the gel was comparable. A higher concentration of
R N A appeared in the untreated preparation (100 ng/pl), as compared with
glutaraldehyde fixed (35 ng/pl) or formaldehyde fixed (80 ng/pl), as determined by
spectophotometry (section 2.10).

Therefore, results indicate that rRNA can be

released from fixed cells although the yield appears to be somewhat lower when
compared to rRNA released from untreated cells. All R N A samples from fixed cells
examined in this study were prepared by the formaldehyde method.
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FIGURE 2 - Ribosomal R N A preparation from fixed cells

One pi of rRNA prepared from untreated AU01 (Lane 2), glutaraldehyde fixed (Lane
3) and formaldehyde fixed AU01 cells (Lane 4), was run on a 1 % agarose gel at 70 V
for 2 h. All rRNA samples were found free from D N A contamination and had a
concentration of 100, 35 and 80 ng/pl, respectively. Bacteriophage lambda DNA
digested with Hind III was run in Lane 1.
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3.2 PURIFICATION OF DNA FROM BACTERIAL CELLS

The variety of techniques utilised in this study required the use of different DNA
purification procedures to suit each experiment. Thus, while sequencing and cloning
protocols are typically conducted with liquid D N A samples, the preparation of intact
high molecular weight D N A fragments for separation in pulsed field gel
electrophoresis can only be accomplished by the use of solid D N A samples.

3.2.1 LIQUID DNA SAMPLES

DNA from isolate SA03 was prepared as described in 2,8.1. Just prior to the addition
of lysozyme, the 5 ml cell mixture w a s distributed in 3 2 aliquots (150 pi), and the
D N A extraction continued for all aliquots. The D N A from each aliquots was extracted
with s o m e alteration on the standard procedure, to determine the optimal conditions
for D N A purification. Alterations were introduced for the concentration of lysozyme
(100 and 500 pg/ml), the period of its incubation, the concentration of S D S (0.5%
and 1 % w/v), concentration of proteinase K and the incubation time.

The experiment is schematically represented in Table 2. After the particular lysing
procedure, proteins were extracted with 1 volume of a chloroform/isoamylalcohol
mixture (24:1 v/v ratio), centrifuged, and the top aqueous phase removed and kept as
the final sample, as previously described (section 2.8.1). A total of 2 pi of each
resulting crude D N A preparation was spotted on plates of 1 % (w/v) agarose in T E
buffer (see Appendix IV) containing ethidium bromide (0.5 pg/ml).

After 20

minutes, the plates were viewed under ultraviolet light (Fig.3). All samples appeared
to have released a similar amount of D N A (approximately 100 ng/pl), with no
significant differences being found.
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Sample Lysozvme Time
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Table 2 - Optimization of DNA purification method
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F I G U R E 3 - Relative yield of D N A after purification with a range of
procedures

A total of 32 samples were prepared using slight variations of the method of Marmu
(1961). From top to bottom, and from left to right, 2 pi from samples 1 to 32 were
spotted onto a plate of solidified 1 % agarose in T E buffer (see Appendix IV), containing
0.5 pg/ml of ethidium bromide. As a control, 50 ng of lambda bacteriophage D N A
were spotted on A6, and 2 pg spotted on A1. A similar intensity , of approximately
100 ng/pl was found for all samples.

75

A

B

F I G U R E 4 - Quality of D N A using various D N A purification procedures

A total of 32 samples were prepared using slight variations of the method of Marmur
(1961). A total of 8 pi from each preparation were run in a 1 % agarose gel at 80 V
for 1 h. Gel A contained bacteriophage lambda D N A digested with Hind III in lane 1 and
samples 1 to 16, while gel B contained samples 17 to 32. Sample 27 was considered
to have the highest D N A purity and yield .
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A volume of 8 pi from each crude D N A sample (Table 2) was subjected to
electrophoresis (Fig. 4) in a 1 % (w/v) agarose gel run at 80 V for 1 h. Marked
differences were observed between the quality of D N A being released by the various
procedures. The best conditions for D N A isolation were considered to be those used to
prepare sample #27:
- Lysozyme - 500pg/ml
- Incubation time - 2 h
- S D S - 0.5%
- Proteinase K - None
- Incubation time - 1 h

3.2.2 SOLID DNA SAMPLES

3.2.2.1 METHOD I (PROMEGA)

DNA from isolates RE01, SA07 and SA09 was prepared from fixed cells according to
the method of Promega Corporation (section 2.8.2.1). A 2 pg sample from each D N A
preparation was digested with 80 units of Not I endonuclease in a total digestion
volume of 150 pi of 1x buffer H (see Appendix V), as described in section 2.11.2.
Once digested, D N A samples were subjected to pulsed field electrophoresis at 100 V
for 20 h, ramped between 10 and 80 second pulses, and the gel viewed and
photographed under ultraviolet light after ethidium bromide staining (Fig. 5).

All DNA samples were fully digested and resulted in a recognisable band pattern.
Bacterial profiles were dissimilar. The method of Promega yielded good resolution for
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FIGURE 5 - B R E N D A analysis of D N A prepared according to the method
of Promega Corporation

DNA from some isolates was prepared according to the method of Promega Corporat
(section 2.8.2.1). Two pg of D N A from each isolate were digested with Not I and
subjected to pulsed field electrophoresis at 100 V and ramped between 10 and 80
second pulses for 20 h. D N A from isolates RE01 (Lane 2), SA07 (Lane 3) and SA09
(Lane 4) produced detectable patterns. Lane 1 contained bacteriophage lambda D N A
digested with Eco Rl plus Hind III.
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all bacterial samples tested and therefore was used to prepare D N A in all following
endonuclease digestion analysis using solid D N A samples.

3.2.2.2 METHOD II (SMITH AND CANTOR)

DNA from AU01, AU02 and AU03 cells and from fixed cells of US02, SA03, SA05,
SA07 and SA09 was prepared as described in section 2.8.2.2. Agarose samples
containing 2 pg of D N A were digested overnight with 88 units of Not I endonuclease in
buffer H (see Appendix V), as described in section 2.11.2, except that BSA was not
included.

The digested samples were subjected to B R E N D A by pulsed field

electrophoresis at 100 V for 22 h using 10 second pulses, and the gel stained in
ethidium bromide and photographed under a 302 nm ultraviolet light (Fig. 6). D N A
from isolates AU01, AU02, AU03, SA07 and SA09 yielded distinguishable patterns,
but the D N A from isolates SA03, SA05 and US02 did not yield recognisable patterns.

A comparison of the resulting DNA patterns suggests that AU03 and SA07 are simila
but they differ from the other isolates tested.

3.3 DNA PURIFICATION FROM HEALTHY CITRUS MATERIAL AND MOCK
INFECTED CITRUS M A T E R I A L

DNA from fixed SA03 cells was prepared as described in section 2.8.1 DNA was
purified from healthy citrus material (Troyer citranae) as previously described
(section 2.8.3).

Healthy citrus midribs were pulverised in liquid nitrogen and

freeze-dried overnight. A total of 50 m g of citrus powder was mixed with 106 fixed
SA03 cells, resuspended in 350 pi of molten (509C) 1 % (w/v) agarose in 50 m M
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FIGURE 6 - B R E N D A analysis of D N A prepared according to the method
of Smith and Cantor.

A total of 2 pg of DNA prepared according to the method of Smith and Cantor (sect
2.8.2.2) were digested with Not I endonuclease and subjected to pulsed field
electrophoresis at 100 V and a 10 second pulses for 22 h. D N A from isolates AU03
(Lane 2), SA07 (Lane 3), SA09 (Lane 4), A U 0 2 (Lane 5) and AU01 (Lane 6),
produced recognisable patterns. D N A from isolates SA03 (Lane 7), SA05 (Lane 8)
and US02 (Lane 9) however, did not resolve in any band pattern. Profiles of D N A
from AU03 and SA07 appeared very similar. Lane 1 contained D N A bacteriophage
lambda D N A digested with Eco Rl plus Hind III.
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EDTA, containing proteinase K (1 mg/ml), and agarose blocks m a d e as described in
section 2.8.3. Agarose blocks were incubated at 37 9 C in 50 m M E D T A containing
proteinase K (1 mg/ml) for 24 h, followed by six washes for 30 minutes in 50 m M
E D T A to remove the proteinase K. Incubation was then continued for 24 h at 37 9 C in
50 m M E D T A containing lysozyme (500 pg/ml) followed by 24 h at 37 e C in 50 m M
E D T A containing proteinase K (1 mg/ml) and 1 % (w/v) S D S .

The blocks were

extensively washed (six times for 30 minutes) in 50 m M E D T A and stored at 4 9 C.

An agarose sample of 1/10 of the total obtained, containing DNA from an estimated 5
m g of citrus material plus 105 S A 0 3 cells, was digested using 150 units of Eco Rl
endonuclease in buffer H (see Appendix V), as described in section 2.11.2. In
addition, D N A from 5 m g of healthy citrus material prepared as described in section
(2.8.3) and 100 ng of S A 0 3 D N A (section 2.8.1) were independently digested using
150 units of Eco Rl or 60 units of Mlu I in buffer H.

All DNA preparations were subjected to electrophoresis in a 0.7% (w/v) agarose gel
run at 70 V for 5 h, stained with ethidium bromide and examined under a 302 nm
ultraviolet light (Fig. 7).

In each case, the DNA samples appeared to be totally digested. Both Eco Rl and Mlu I
digestions of D N A from S A 0 3 yielded visible D N A fragments over 600 bp in length.
Citrus D N A yielded a fragment of approximately 23 Kb, after the Eco Rl and Mlu I
digestions. W h e n D N A from healthy citrus containing 105 S A 0 3 cells was digested
with Eco Rl, a D N A smear of low molecular weight fragments was obtained, presumed
to be due to bacterial DNA. This result would suggest that the procedure followed was
able to purify D N A from bacteria when mixed with citrus material. Furthermore, the
bacterial D N A sample prepared was purified enough to be digested with restriction
endonucleases despite the presence of citrus D N A (Fig. 7).
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FIGURE 7 - B R E N D A analysis of D N A from citrus with and without
addition of bacteria to the samples

Eco Rl digestions of D N A from 50 m g of healthy citrus material (Lane 3), 100 ng of
SA03 D N A (Lane 4) and D N A from 5 m g of healthy citrus material (Lane 5), were
electrophoresed alongside Mlu l-digestion of 100 ng of D N A from SA03 (Lane 6) and
D N A from 5 m g of healthy citrus material (Lane 7). In addition, D N A from 5 m g of
healthy citrus material containing 105 SA03 cells digested with Eco Rl (Lane 8), was
run under the same conditions. All samples appeared totally digested. Both Eco Rl
(Lane 4) and Mlu I (Lane 6) digestions of D N A from SA03 yielded visible D N A
fragments over 600 bp in length. Citrus D N A yielded a fragment of approximately 23
Kb, after the Eco Rl (Lane 3) and Mlu I (Lane 7) digestions. W h e n D N A from healthy
citrus containing 105 SA03 cells was digested with Eco Rl (Lane 8), a D N A smear of
low molecular weight fragments was obtained, presumed to be due to bacterial DNA.
This indicates that the procedure used was able to purify D N A from bacteria that is
mixed with citrus material. Furthermore, the bacterial D N A can be fully digested
with restriction endonucleases despite the presence of citrus DNA. Electrophoresis
was conducted in a 0.7% agarose gel run at 70 V for 5 h. Lane 1 contained a D N A
ladder (4.85 Kb concatamers) and Lane 2 bacteriophage lambda D N A digested with
Hind III.
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3.4 DNA RESTRICTION ENDONUCLEASE DIGESTION PROFILES

3.4.1 REPRODUCIBILITY OF DNA PROFILES

To determine the reproducibility of bacterial DNA profiles obtained after bacterial
restriction endonuclease digestion analysis ( B R E N D A ) , three separate D N A
preparations were m a d e from isolate AU01, as described in section 2.8.2.1.

A 2 pg sample of DNA from each preparation was digested (section 2.11.2) with 88
units of Not I endonuclease in buffer H (see Appendix V), and the resulting fragments
separated by pulsed field electrophoresis at 100 V and TOO second pulses for 24 h.
The gel was ethidium bromide stained and photographed (Fig. 8). The three samples
showed indistinguishable patterns, thus suggesting the reproducibility of the
procedure.

3.4.2 COMPARISON OF DNA PROFILES OF BACTERIAL CELLS IN
EXPONENTIAL AND STATIONARY STAGES OF GROWTH

To assess whether restriction endonuclease pattern of DNA from bacterial cells is
affected by the various stages of cell growth, it was necessary to compare the D N A
profiles obtained from cells in different stages of growth.

A volume of 10 ml of 523 medium (see Appendix II) was inoculated with 0.1 ml (108
cells) of A U 0 1 in the logarithmic phase of growth, and incubated at 37 9 C with
vigorous aeration. Aliquots of 300 pi were removed from the culture after 18 and 72
h, corresponding to the logarithmic and stationary phase of cell growth respectively.
D N A from both aliquots was purified as described in section 2.8.2.1. A portion of the
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F I G U R E 8 - Reproducibility of D N A profiles

Three separate preparations of AU01 DNA (2 pg) were digested with Not I and
subjected to pulsed field gel electrophoresis at 100 V using 100 second pulses for 24
h. All restriction profiles appeared identical.
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agarose samples containing an estimated 2 pg of D N A was digested (section 2.11.2)
with 70 units of N a e I restriction endonuclease in buffer A (see Appendix V). The
digested D N A samples were then subjected to pulsed field electrophoresis at 100 V and
15 second pulses for 20 h (Fig. 9), stained in ethidium bromide and photographed
under a 302 n m ultraviolet light.

The results indicate an indistinguishable profile for both samples, thus suggesting
that the D N A pattern is not affected by the stage of cell growth, at least within the time
range (18 to 72 h cultures) used in this investigation.

3.4.3 EFFECT OF STORAGE TIME ON DNA PROFILES

Liquid DNA samples are known to remain undegraded in storage for periods of time up
to one year (Maniatis eiai, 1982). In order to determine if solid D N A samples could
be stored for long periods of time, solid D N A preparations of isolate S A 1 3 were
prepared from fixed cells (section 2.8.2.1), and stored at 4 9 C. Three samples were
selected after a storage time of 2 days, 1 month and 6 months, respectively. T w o pg of
D N A from each sample were digested (section 2.11.2) using 77 units of Xba I
endonuclease in buffer H (see Appendix V). After pulsed field electrophoresis at 100
V for 36 h using 10 second pulses, the resulting fragments were stained with
ethidium bromide and photographed under a 302 n m ultraviolet light (Fig.10). All
three restriction patterns were indistinguishable. Hence, there is no evidence of any
alteration of the restriction patterns after storage of D N A samples at 4 9 C for up to 6
months.
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FIGURE 9 - Effect of growth cycle on DNA profiles

DNA preparations (2 pg) from AU01 cells in logarithmic (Lane 1) and stationary

(Lane 2) phases, were digested with Nae I endonuclease and subjected to pulsed fiel
gel electrophoresis at 100 V using 15 second pulses for 20 h. Patterns were
indistinguishable. Lane 3 contained bacteriophage lambda DNA digested with Eco Rl
plus Hind III.
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F I G U R E 10 - Effect of storage time on solid D N A samples

Samples containing 2 pg of D N A from fixed S A 1 3 ceils were stored for different
periods of times, digested with Xba I and subjected to pulsed field gel electrophoresis
at 100 V using 10 second pulses for 36 h. Freshly purified D N A (Lane 2), gave an
identical restriction profile to that of D N A stored for 3 (Lane 3) and 6 months (Lane
4), respectively. Lane 1 contained bacteriophage lambda D N A digested with Hind III.
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3.5 P R E S E N C E O F PLASMIDS IN BACTERIAL ISOLATES F R O M G R E E N I N G
A N D DIEBACK INFECTED CITRUS

Plasmid extractions from selected greening and Australian citrus dieback isolate
were performed according to various methods.

3.5.1 METHOD I (KADO AND LIU)

DNA was preparared from AU01 and fixed SA03 cells (section 2.8.4.1) following the
method of Kado and Liu (1981) in an attempt to investigate the presence of plasmids.
Ten pl from each D N A sample was electrophoresed on a 0.8% (w/v) agarose gel at 80
V for 1.5 h.

As a control, the same protocol was followed with E. coli JM101

transformed with plasmid pUC19, and 10 pl of D N A sample run in the same gel (Fig.
11), as well as 1 pg of purified pUC19 (Boehringer Mannheim, Mannheim,
Germany).

Traces of RNA were seen in all DNA preparations after ethidium bromide staining
photography under a 302 nm ultraviolet light (Fig. 11). Analysis of transformed
JM101 yielded bands for the supercoiled and open circular conformations of pUC19,
but no bands were visible from the D N A preparation of isolates AU01 or SA03.

3.5.2 METHOD II (BIRNBOIM AND DOLY)

The alternative method of Bimboim and Doly (1979) was used in cells of AU01,
AU02, AU03, and fixed SA03, SA05 and SA06 cells in an attempt to uncovered
possible plasmids (section 2.8.4.2). As a control, the same D N A extraction procedure

88

1 2

3

4

5

6

5,148 bp 1,904 bp -

564 bp -

FIGURE 11 - D N A analysis to detect plasmids in SA03 and AU01
according to the method of Kado and Liu

The procedure to extract plasmids were performed according to the method of K
Liu (1981). D N A samples from SA03 (Lane 3) and AU01 (Lane 4) cells did not
reveal any plasmids when analysed by electrophoresis. As controls, bacteriophage
lambda DNA digested with Eco Rl and Hind III (Lane 1) was electrophoresed alongside
1pg of purified plasmid pUC19 (Lanes 2 and 6) and DNA from a similar plasmid
extraction performed on E. coli JM101 transformed with plasmid pUC19 (Lane 5).
Electrophoresis was conducted in a 0.8% agarose gel at 80 V for 1.5 h. Note how the
different conformation forms of pUC19 DNA were resolved in distinct bands.
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was performed on E. coli JM101 cells transformed with plasmid pUC19. Ten pl of
each D N A sample w a s loaded onto a 1 % (w/v) agarose gel and subjected to
electrophoresis at 80 V for 45 minutes. Bacteriophage lambda D N A digested with Eco
Rl and Hind III, and 1 pg of purified p U C 1 9 (Boehringer Mannheim, Mannheim,
Germany) were included as standards (Fig. 12).

A number of bands were visible in the samples derived from transformed JM101
corresponding to bands found for purified pUC19, although no supercoiled pUC19 was
observed in the purified sample. The pattern found for JM101 matches the one found
after plasmid extraction with the method of Kado and Liu (section 2.8.4.1).

No

plasmid-like D N A bands were detected in any of the isolates derived from greening and
dieback infected citrus which were subjected to this procedure.

3.5.3 PULSED FIELD GEL ELECTROPHORESIS

Although they have proven fairly reliable, standard plasmid extraction techniques
ultimately rely on the selective precipitation of chromosomal D N A to release purified
plasmid D N A . However, the possibility that plasmids are precipitated together with
the chromosomal D N A cannot be ignored. Hence, pulsed field electrophoresis was used
to separate any possible plasmid present in the bacterial isolates from undigested
intact chromosomal D N A .

Total DNA was prepared in solid agarose samples from fresh cells of AU01 and AU03,
and from fixed cells of S A 0 3 (section 2.8.2.1). A total of 2 pg of D N A from each
isolate were subjected to pulsed field electrophoresis at 100 V and 15 second pulses
for 15 h to separate D N A fragments of over 1 Kb and up to 400 Kb. The gel was
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F I G U R E 12 - D N A analysis to detect plasmids in isolates from greening
infected citrus following the method of Birnboim and Doly

A plasmid extraction was conducted according to the method of Birnboim and Doly,
from isolates AU01 (Lane 2), A U 0 2 (Lane 3), AU03 (Lane 4), and greening isolates
SA03 (Lane 5), SA05 (Lane 6), and SA06 (Lane 7). No plasmids were detected in any
of the D N A samples when 10 pl from each preparation were subjected to analysis on a
1 % agarose gel run for 45 minutes at 80 V. Lanes 1 contained bacteriophage lambda
D N A digested with Hind III, Lane 8 contained D N A from E. coli JM101 transformed
with pUC19, and Lane 9 contained purified pUC19 plasmid DNA.
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FIGURE 13 - Detection of plasmids from selected isolates using pulsed
field gel electrophoresis

Two pg of total D N A from each of isolates AU01 (Lane 2), SA03 (Lane 3), SA05 (Lane
4) and TA01 (Lane 5) were subjected to pulsed field gel electrophoresis at 100 V
using 15 second pulses for 15 h. No plasmids were observed. Bacteriophage lambda
D N A digested with Eco Rl plus Hind III was loaded in Lane 1.
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stained with ethidium bromide and photographed under a 302 n m ultraviolet light
(Fig. 13).

No plasmid-like DNA bands were detected on the gel suggesting the absence of
extrachromosomal D N A in all isolates, at least within the molecular weight range
resolved under these gel conditions.

3.6 BACTERIAL RESTRICTION ENDONUCLEASE DIGESTION ANALYSIS
(BRENDA)

In order to compare the array of morphologically similar bacterial isolates obtained
from greening and dieback-infected citrus, their D N A was analysed by B R E N D A . D N A
was purified from isolates A U 0 1 , A U 0 2 and A U 0 3 cultured from citrus with dieback
and from fixed cells of isolates SA01, SA03, SA05, SA06, SA07, SA09, SA10, TA01,
TA02, RE01, US02, U S 0 4 and U S 0 5 all cultured from plants with greening symptoms
(section 2.8.2.1).

DNA from the various isolates was analysed by digestion with several endonucleases. A
total of 2 pg of D N A from each isolate were digested (section 2.11.2) with 88 units of
Not I endonuclease in buffer H (see Appendix V). The resulting fragments were
separated by pulsed field electrophoresis at 100 V using 10 second pulses for 22 h,
after which the gel was stained with ethidium bromide, photographed under a 302 nm
ultraviolet light and analysed. The resulting D N A profiles are shown in Figures 14
and 15.

Two main restriction patterns were observed. One pattern contained a low number of
D N A bands of high molecular weight, this being seen in the restriction digest of
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F I G U R E 14 - B R E N D A of D N A digested with Not I endonuclease

DNA from each isolate (2 pg) was digested with Not I and subjected to pulsed field g
electrophoresis at 100 V using 10 second pulses for 22 h. D N A from isolates TA01
(Lane 2), TA02 (Lane 3), SA01 (Lane 4), SA03 (Lane 5), SA05 (Lane 6), SA06
(Lane 7) and RE01 (Lane 8) yielded identical restriction pattern, with a similar
though not identical restriction profile yielded by D N A from US04 (Lane 9) and AU01
(Lane 10). US02 D N A (Lane 11) yielded a restriction profile which did not relate to
any other isolate, while the restriction pattern of the D N A from SA07 (Lane 12) and
A U 0 3 (Lane 13) appeared very similar. Bacteriophage lambda D N A digested with Eco
Rl and Hind III was loaded in Lane 1.
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F I G U R E 15 - B R E N D A of D N A digested with Not I endonuclease

DNA (2 pg) from each isolate was digested with Not I endonuclease and subjected to
pulsed field gel electrophoresis at 100 V using 10 second pulse for 22 h. D N A from
isolates SA09 (Lane 2) and SA10 (Lane 3) yielded an identical pattern, with a profile
grossly different to that yielded by D N A from A U 0 2 (Lane 4). The restriction pattern
observed for the D N A from U S 0 2 (Lane 5), which was similar to that of SA09 and
SA10. D N A from US05 (Lane 6) yielded a profile similar to but different from AU02
(Lane 4). Bacteriophage lambda D N A digested with Eco Rl and Hind III was loaded in
Lane 1.
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isolates US02, S A 0 9 and SA10. The restriction profiles obtained for S A 0 9 and SA10
DNA's were identical, yielding a similar profile to that of U S 0 2 D N A but different
from all the other profiles. The detection of a high molecular weight band in the D N A
profile from isolates US02, S A 0 9 and S A 1 0 m a y be due to genuine high molecular
weight D N A fragments, although they may also suggest that the D N A samples were not
fully digested. The D N A from the rest of the isolates showed multiple bands of low
molecular weight.

Isolates TA01, TA02, SA01, SA03, SA05, SA06 and RE01 yielded identical profiles
and comparable patterns were observed for AU01 and US04. Isolates S A 0 7 and AU03
yielded virtually indistinguishable restriction D N A patterns. The restriction profile
of the D N A from isolates A U 0 2 and U S 0 5 could not be clearly associated with any of the
other groups.

Two pg of DNA from isolates AU02, US02, US05, SA07, SA09 and SA10 were also
digested with 40 units of Mlu I endonuclease in 150pl of 1x buffer H (see Appendix
V). The resulting fragments were subjected to pulsed field electrophoresis at 100 V
for 24 h using 100 second pulses, stained with ethidium bromide and photographed
under a 302 n m ultraviolet light (Fig. 16). After digestion with Mlu I the D N A from
isolates S A 0 9 and S A 1 0 yielded identical patterns. Once again, the D N A from isolate
U S 0 2 did not appear to be totally digested, and its profile was significantly different
from the others. The profiles yielded by the D N A of isolates A U 0 2 and US05 differed
to the patterns obtained with D N A from the other isolates.

DNA (2pg) from TA01, TA02, SA01, SA03, SA05, SA06, SA07, RE01 and AU03 was
digested overnight with 70 units of Mlu I endonuclease. The resulting D N A fragments
were then separated by pulsed field electrophoresis at 150 V for 22 h using 22 second
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FIGURE 16 - B R E N D A of D N A digested with Mlu I endonuclease

Two pg of DNA from SA07 (Lane 1), SA09 (Lane 2), SA10 (Lane 3), AU02 (Lane 4),
US02 (Lane 5) and US05 (Lane 7) were digested with Mlu I and run on pulsed field
gel electrophoresis at 100 V for 24 h using 100 second pulses. D N A from SA09 (Lane
2) and SA10 (Lane 3) resulted in an identical restriction pattern. D N A from isolate
AU02 (Lane 4) yielded a pattern comparable to that of D N A from US05 (Lane 7). D N A
from isolates SA07 (Lane 1) and US02 (Lane 5) yielded a profile which differed from
all other profiles. Lane 6 contained bacteriophage lambda D N A digested with Eco Rl
plus Hind III.
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FIGURE 17 - B R E N D A of D N A digested with Mlu I endonuclease

Two pg of DNA from each isolate were digested with Mlu I and subjected to pulsed
gel electrophoresis at 150 V using 50 second pulses for 22 h. D N A from isolates
SA07 (Lane 2) and A U 0 3 (Lane 3) yielded very similar profile, while TA01 (Lane
4), TA02 (Lane 5), SA01 (Lane 6), SA03 (Lane 7), SA05 (Lane 8), SA06 (Lane 9)
and RE01 (Lane 10) yielded indistinguishable patterns. Bacteriophage lambda D N A
digested with Eco Rl and Hind III was run in Lane 1.
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pulses (Fig. 17), stained with ethidium bromide and photographed under a 302 nm
ultraviolet light.

Although Mlu I endonuclease was also used to digest the DNA samples whose restriction
profiles are depicted in Figure 16, the conditions used to run the gel depicted in
Figure 17 were different, and so direct comparison between D N A patterns across both
gels cannot be accurately made. Digestion of D N A from isolates A U 0 3 and S A 0 7 with
Mlu I endonuclease yielded indistinguishable restriction patterns, as was the case
after the digestion of the s a m e D N A samples with Not I. Samples from solates TA01,
TA02, SA01, SA03, SA05, S A 0 6 and RE01 revealed identical D N A restriction
patterns.

Two pg aliquots of DNA from isolates TA01, TA02, SA01, SA03, SA05, SA06, SA07
and RE01 were then digested with 80 units of Sfi I endonuclease in buffer M and
electrophoresed at 100 V using 15 second pulses for 24 h (Fig. 18), stained with
ethidium bromide and photographed under a 302 n m ultraviolet light. Aliquots of D N A
from identical samples were also digested with 90 units of Xba I endonuclease in
buffer H, subjected to pulsed field electrophoresis at 150 V using 50 second pulses
for 20 h (Fig. 19), stained with ethidium bromide and photographed under a 302 n m
ultraviolet light.

With both restriction endonucleases, DNA from isolates TA01, TA02, SA01, SA03,
SA05, S A 0 6 and RE01 yielded the s a m e restriction pattern, although the D N A from
isolates SA01 and S A 0 3 were incompletely digested by Sfi I in the preparation used to
yield the profile depicted in Figure 18. However, it is evident that the profile for
these D N A samples is indistinguishable from that of the other isolates mentioned. As
w a s observed after restriction of D N A with other endonucleases (Figs 14, 17 and 19),
D N A from isolates A U 0 3 and S A 0 7 yielded the s a m e profile after digestion with Sfi I

99

FIGURE 18 - B R E N D A of D N A digested with Sfi I endonuclease

DNA (2 pg) from each isolate was digested with Sfi I and run on pulsed field gel
electrophoresis at 100 V using 15 second pulses for 24 h. D N A from SA07 (Lane 2)
and from AU03 (Lane 3) yielded closely related patterns. D N A from isolates TA01
(Lane 4), TA02 (Lane 5), SA01 (Lane 6), SA03 (Lane 7), SA05 (Lane 8), SA06
(Lane 9) and RE01 (Lane 10) yielded indistinguishable profiles. Lane 1 contained
bacteriophage lambda D N A digested with Eco Rl plus Hind III.
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FIGURE 19 - B R E N D A of D N A digested with Xba I endonuclease

A total of 2 pg of DNA from each isolate were digested with Xba I and subjected
pulsed field gel electrophoresis at 150 V using 50 second pulses for 20 h. D N A from
isolates SA07 (Lane 2) and AU03 (Lane 3) yielded very similar profiles. D N A from
TA01(Lane 4), TA02 (Lane 5), SA01 (Lane 6), SA03 (Lane 7), SA05 (Lane 8),
SA06 (Lane 9) and RE01 (Lane 10) yielded indistinguishable D N A profiles.
Bacteriophage lambda D N A digested with Eco Rl plus Hind III was run in Lane 1.

101

endonuclease. The restriction profiles depicted in Figure 19 suggest that digestion of
D N A with Xba I yields similar profiles for isolates A U 0 3 and SA07, although an excess
of D N A from S A 0 7 in this gel distorts the profile, particularly for the large molecular
weight bands.

Two pg of DNA from isolates SA07, SA09, SA10, AU02, US02 and US05 were digested
with 55 units of Pst I endonuclease in buffer H, and the resulting fragments compared
after pulsed field electrophoresis at 100 V for 17.5 h using 80 second pulses (Fig.
20). Similar aliquots of the s a m e samples were also digested with 80 units of Sal I
endonuclease in buffer H, and the resulting fragments analysed after pulsed field
electrophoresis at 100 V and 20.5 h using 15 second pulses (Fig. 21).

With both restriction endonucleases, the previous findings were confirmed. The DNA
from isolate U S 0 2 w a s not totally digested with Pst I, but again, its restriction profile
resembles that of D N A from isolates S A 0 9 and SA10. Profiles of D N A from isolates
S A 0 9 and S A 1 0 were identical. Interestingly, the restriction profile of S A 0 7 D N A
after digestion with Pst I was similar to those observed for the D N A of S A 0 9 and SA10,
after digestion with the s a m e enzyme. This similarity was not recorded after digestion
with any other endonuclease. With both restriction endonucleases, D N A from isolates
U S 0 5 and A U 0 2 , yielded a restriction pattern which differed from those obtained for
the D N A from all the other isolates.

With a few exceptions, all DNA samples were totally digested and resulted in
distinguishable patterns suitable for comparison. The fact that D N A from U S 0 2 was
only partially digested by a number of endonucleases m a y suggests that the S D S and
proteinase K from the lysing solution were not adequately removed

after the

incubation, resulting in a reduction of endonuclease activity. However, as this sample
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FIGURE 20 • B R E N D A of D N A digested with Pst I endonuclease

Two pg of D N A from isolates SA07 (Lane 2), SA09 (Lane 3), SA10 (Lane 4), AU02
(Lane 5), US02 (Lane 6) and US05 (Lane 7) were digested with Pst I and run on
pulsed field gel electrophoresis at 100 V for 17.5 h using 80 second pulses. D N A
from isolates SA07 (Lane 2), SA09 (Lane 3) and SA10 (Lane 4) yielded very similar
restriction profiles, with D N A from US02 (Lane 6) yielding a comparable profile.
Profiles observed for D N A from isolates A U 0 2 (Lane 5) and US05 (Lane 7), differed.
Lane 1 contained bacteriophage lambda D N A digested with Eco Rl plus Hind III.
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FIGURE 21 - BRENDA of DNA digested with Sal I endonuclease

Two pg of DNA from isolates SA07 (Lane 2), SA09 (Lane 3), SA10 (Lane 4), AU02
(Lane 5), US02 (Lane 6) and US05 (Lane 7 ) were digested with Sal I endonuclease
and subjected to pulsed field gel electrophoresis at 100 V for 20.5 h using 15 second
pulses.

D N A from isolates S A 0 9 (Lane 3) and S A 1 0 (Lane 4) presented

indistinguishable patterns, which was comparable to that of D N A from US02 (Lane 6).
D N A from A U 0 2 (Lane 5) and US05 (Lane 7) yielded comparable profiles, although
differences were clearly seen. The profile of D N A from SA07 (Lane 2) could not be
clearly associated with any other pattern, although appeared closer to that of profiles
of D N A from SA09 (Lane 3) and SA10 (Lane 4). Bacteriophage lambda D N A digested
with Hind III was loaded in Lane 1.
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w a s derived from fixed microorganisms brought to Australia, no more cells were
available.

The use of several endonucleases to develop restriction profiles allows the different
isolates to be placed into distinct groups. D N A from isolates TA01, TA02, SA01,
SA03, SA05, S A 0 6 and RE01 appear indistinguishable after digestion with four
different enzymes.

Although the possibility of minor differences in the restriction

profiles cannot be ruled out, the close relationship among the isolates is obvious.
These isolates are hence referred to as Group 1. Although the restriction patterns
from the D N A of isolates AU01 and US04, were only directly compared after digestion
with Not I (Fig. 14), the results suggest that they are related to the Group 1 isolates.

Isolates SA07, SA09, SA10, AU02, AU03, US02 and US05 were not found as similar
as the isolates of Group 1 based on B R E N D A , and were designated as Group 2.
Restriction profiles from S A 0 7 D N A were consistently indistinguishable from those
obtained from D N A of the isolate A U 0 3 derived from dieback-infected citrus and both
allocated to Group 2. Isolates S A 0 9 and S A 1 0 presented identical D N A profiles with all
the enzymes tested, these patterns being different from those obtained with the D N A of
isolates in Group 1. The patterns of D N A from S A 0 9 and S A 1 0 also frequently differed
from those obtained for the D N A of other Group 2 isolates. However, S A 0 7 D N A
yielded a similar pattern to that obtained for D N A from S A 0 9 and S A 1 0 after digestion
with Pst I endonuclease (Fig. 20), suggesting a relationship between both subgroups
in Group 2. D N A from isolate U S 0 2 consistently yielded profiles which were closely
related to those found for D N A of S A 0 9 and SA10, although some differences were noted
and, therefore, could be consider member of Group 2. Finally, U S 0 5 and A U 0 2 did not
fall into any of the previous subgroups.
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3.7 COMPARISON OF RIBOSOMAL RNA GENES IN THE BACTERIA ISOLATED
FROM GREENING AND DIEBACK INFECTED CITRUS THROUGH
RESTRICTION FRAGMENT LENGTH POLYMORPHISM (RFLP)

BRENDA experiments revealed the existence of a large homogeneous group of isolates
assigned to Group 1 which appeared to be also related to AU01 and US04, while
isolates A U 0 2 and US05 were not assigned to any given group. Ribotyping, the basics
of which is described in section 1.12, was used to analyze the rRNA transcriptional
units existing in s o m e of these isolates to further compare the isolates.
Unfortunately, material from other isolates assigned to Group 2 was not available.

DNA from isolates SA03, AU01, AU02, US04, US05 and SA13 (an uncharacterised
isolate from greening infected citrus with morphological similarities to US05) were
prepared as described in 2.8.1. A total of 2 pg of D N A from isolate were digested
(section 2.11.1) with 85 units of EcoR I endonuclease in 20 pl of 1x buffer H (see
Appendix V), and subjected to agarose gel electrophoresis in a 1 % (w/v) agarose gel
run at 80 V for 1.5 h. D N A was then transferred onto a nylon membrane (Bio-Rad,
Richmond, CA, U S A ) using the southern blot transfer (section 2.18.2) and crosslinked under ultraviolet light (Transilluminator, U V products, San Gabriel, CA, USA)
for 4.5 minutes.

The blot (25 c m 2 ) w a s prehybridised for 1 hour at 68 9 C and

hybridised with freshly denatured digoxigenin-labelled total ETCQ|i D N A at a
concentration of 4 0 ng/ml, in 5 ml of hybridisation buffer (see Appendix XIII)
overnight at 68 9 C, as described in section 2.21. T h e hybridisation reaction w a s
followed by washes under standard stringency conditions and detected as described in
2.21.5. T h e membrane w a s left overnight with the colour reagent before it w a s
photographed (Fig. 22).
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FIGURE 22 - Comparison of ribosomal R N A genes from organisms
isolated from greening and dieback infected citrus

Two pg of DNA from isolates SA03 (Lane 1), SA13 (an uncharacterised isolate from
greening infected citrus with morphological similarities to US05) (Lane 2), US04
(Lane 3), US05 (Lane 4), AU01 (Lane 5) and AU02 (Lane 6) were digested with Eco
Rl endonuclease and electrophoresed on a 1 % agarose gel for 1.5 h at 80 V. D N A was
then transferred onto nylon membrane and hybridised with digoxigenin-labelled £L
coli total DNA. D N A from isolates SA03 (Lane 1) and AU01 (Lane 5) yielded a single
band of approximately 20 Kb, SA13 (Lane 2) and US05 (Lane 4) in a strong signal of
over 23 Kb, US04 (Lane 3) in a faint single band of approximately 12 Kb, while
AU02 (Lane 6) presented two bands of 9 and 12 Kb respectively.
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One single D N A band of approximately 20 Kb was identified from the hybridisation of
total E.cpli D N A with D N A from SA03 and AU01, both organisms being placed in Group
1 based on restriction profiles, while D N A from US04, which appeared related to
Group 1 organisms based on restriction profiles yielded a single band of 12 Kb. D N A
from isolate U S 0 5 yielded a strong hybridisation band of over 23 Kb which was
similar to that obtained from D N A of SA13, an uncharacterised isolate from greening
infected citrus with a similar colony morphology to US05. D N A from A U 0 2 was the
only sample tested where two D N A fragments hybridised, these being 9 and 12 Kb,
respectively.

The low number of hybridisation signals found in this experiment suggests that the
D N A of all the isolates tested contain a minimum number of rRNA transcriptional
units. In addition, the structure of the ribosomal R N A operons may be very similar
for both AU01 and S A 0 3 isolates, indicating a further taxonomic relationship among
them within Group 1.

The relationship between them and U S 0 5 is difficult to

establish since D N A of over 23 Kb does not resolve linearly according to size under the
given electrophoresis conditions. The finding of a low number of rRNA operons would
suggest a taxonomic similarity among all the isolates tested.

3.8 MOLECULAR WEIGHT ESTIMATION OF GENOMIC DNA

The molecular weight of the chromosomal DNA of isolate SA03 was estimated by
digestion with rare-cutter endonucleases, which produce a low number of fragments,
and determined by the addition of the molecular weight of each individual fragment
after electrophoresis.
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D N A aliquots from S A 0 3 (2 pg) prepared as described in section 2.8.2.1 were
independently digested (section 2.11.2) with 96 units of Dra I endonuclease in buffer
M (see Appendix V), with 100 units of Xba I endonuclease in buffer H and with 90
units of Spe I endonuclease in buffer M. Resulting D N A fragments were subjected to
pulsed field electrophoresis at 175 V using 4 second pulses for 12 h followed by 40
second pulses for 12 h, and the gel stained with ethidium bromide and analysed under a
302 n m ultraviolet light (Fig. 23).

This set of conditions successfully resolved the low molecular weight fragments (< 50
Kb) and fragments of a molecular weight between 300 and 450 Kb, but did not resolve
fragments bigger than 500 Kb. Therefore, although D N A fragments from the Xba I
digestion were resolved, the D N A fragments from Spe I and Dra I digestions were not
totally resolved in the high molecular weight range.

The ability of pulsed field electrophoresis to optimally separate DNA fragments of a
given molecular weight range largely depends on the length of the pulses employed
during electrophoresis. The molecular weight range optimally separated for each
electrophoretic condition can be established by comparison with the separation of the
control lambda D N A ladder of 48.5 Kb concatamers. From the migration of D N A in the
gel depicted in Figure 23, it became apparent that the distribution of the lambda
concatamers was not linear, due to the use of two single pulses. Increase in D N A
separation, noted by a bigger gap between lambda concatamers, was seen at certain
molecular weight ranges. Thus, pulses of 4 and 40 seconds optimally resolved D N A
fragments under 50 Kb, and between 300 and 450 Kb, respectively.

When DNA from SA03 was digested with Xba I and subjected to electrophoresis at 200
V using ramped pulses from 5 to 15 seconds for 24 h (Fig. 24A), D N A fragments
between 20 and 200 Kb were well resolved. W h e n the same D N A sample was
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FIGURE 23 - Digestion of SA03 D N A with Dra I, Spe I and Xba I
endonucleases

SA03 D N A was digested with Dra I (Lane 1), Spe I (Lane 2) and Xba I (Lane 3)
endonucleases, and subsequently subjected to pulsed field gel electrophoresis at 175 V
for 12 h using 4 second pulses followed by 12 h using 40 second pulses. These
conditions favoured the separation of fragments in the low molecular weight range,
that is under 50 Kb, as well as in the 300 to 450 Kb range. Lambda ladder (48.5 Kb
concatamers) was loaded in Lane 4.
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FIGURE 24 - Digestion of SA03 D N A with Xba I endonuclease

D N A from SA03 was digested with Xba I and subjected to pulsed field gel
electrophoresis at 200 V, (A) With pulses ramped from 5 to 15 seconds for 24 h.
D N A fragments between 50 and 200 Kb from 2 pg of DNA from SA03 isolate (Lane 2)
were well resolved. A lambda ladder of 48.5 Kb concatamers was loaded in Lane 1.
(B) With pulses ramped from 15 to 25 seconds for 25 h. These conditions resolved
the high molecular weight fragments of SA03 DNA, between 100 and 400 Kb. A total
of 10? cells (Lane 1), 2x 10? cells (Lane 2) and 106 cells (Lane 3) respectively of
D N A from SA03 was electrophoresed. A lambda ladder was loaded in Lane 4 as
molecular weight markers.
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subjected to electrophoresis at 200 V using a ramp from 15 to 25 second pulses for
25 h, fragments up to 500 Kb (10 lambda D N A concatamers) were resolved from the
lamda ladder (Fig. 24B). However, optimum separation was obtained for fragments
under 400 Kb.

Combining the DNA fragments resolved using the three electrophoretic conditions
applied to Xba I digestions of D N A from SA03, as depicted in Figures 23, 24A and 24B,
twenty individual D N A bands were resolved, and their molecular weights were
determined after laser densitometry of the photograph (Table 3), and comparison to a
ladder of lambda concatamers. Since every D N A fragment is expected to be in
equimolar concentration, the band intensity was greatest for the largest fragments,
and gradually faded with smaller fragments. However, certain bands appeared to have
an intensity double of that expected for their molecular weight. These bands were
considered to be in fact two D N A fragments of a very similar molecular weight, which
were not resolved during electrophoresis.

DNA from SA03 digested with Dra I endonuclease was electrophoresed using a ramp
between 50 and 150 second pulses at 200 V for 24 h (Fig. 25). Yeast chromosomes
from Saccaromvces cerevisiae (Bio Rad Laboratories, Richmond, CA, USA) were used
as molecular weight standards. These conditions resolved yeast chromosomes up to
2500 Kb, and resolved 5 D N A fragments, between 25 and 1,500 Kb (Table 3) from
the digestion of SA03 D N A with Dra I.

DNA from SA03 digested with Spe I endonuclease was subjected to pulsed field for 24 h
at 200 V, using a ramp from 15 to 25 second pulses (Fig. 26). The largest D N A
fragment was well separated under these conditions, and 12 fragments between 24 and
700 Kb were identified. Once again, certain double D N A fragments were detected after
the gel was analysed by laser densitometer (Table 3).
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FIGURE 25 - Digestion of SA03 D N A with Dra I endonuclease

Two pg of DNA from SA03 were digested with Dra I and run on pulsed field gel
electrophoresis at 200 V for 24 h, with pulses ramped between 50 and 150 seconds
(Lane 2). Undigested SA03 D N A was loaded in Lane 3. Lambda ladder (48.5 Kb
concatamers) (Lane 1) and Saccaromvces cerevisiae yeast chromosomes (Lane 4)
were used as controls. Five fragments were visible after digestion with Dra I, while
undigested chromosomal D N A remained in the well (Lane 3). Fifteen yeast
chromosomes were resolved (Lane 4), ranging from 200-2,500 Kb.
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FIGURE 26 • Digestion of SA03 D N A with Spe I endonuclease

D N A from SA03 (2 pg) was digested with Spe I and subjected to pulsed field gel
electrophoresis at 200 V for 24 h, with pulses ramped from 15 to 25 seconds. DNA
from isolate SA03 (Lane 1) appeared well resolved, when compared with the lambda
ladder (48.5 Kb concatamers) (Lane 2). Bacteriophage lambda DNA digested with
Hind 111 was electrophoresed in Lane 3.
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By identifying the resolved D N A fragments in the high molecular weight range
separated under the conditions used to run the gels depicted in Figures 25 and 26, as
well as the D N A fragments in the low molecular weight range separated under the
conditions used to run the gel depicted in Figure 23, the molecular weight of the D N A
fragments for SA03 D N A obtained after Dra I and Spe I digestions were estimated.

By the addition of all the DNA fragments identified after each endonuclease digestion,
SA03 D N A was estimated to be 3,500 Kb after digestion with Dra I endonuclease,
3,426 Kb after Spe I digestion, and 3,520 Kb when digested with Xba I endonuclease
(Table 3). The values obtained from each individual digestion are consistent, with an
average molecular weight of 3,480 Kb.

DNA from fixed cells from isolates TA01, TA02, SA01, SA05, SA06, RE01 and AU01
was prepared in solid agarose (section 2.8.2.1). T w o pg of D N A from isolates SA03,
SA05, SA06, TA01, T A 0 2 and RE01 were digested with 96 units of Dra I endonuclease
and subjected to pulsed field electrophoresis ramped from 50 to 150 second pulses,
and run for 24 h at 200 V (Fig. 27). The restriction profiles obtained for all isolates
were identical, with four D N A fragments being identified. The smallest fragment (25
Kb) was not visible under these conditions, due to underloading of the samples (note
that smallest fragment w a s not visible for the sample prepared from D N A of SA03
either). The unresolved small band at the top of the profile would indicate that part of
the D N A w a s not totally digested in this experiment, although this fact did not affect
the comparison of the profiles of the D N A from the different isolates.

DNA from isolates SA01, SA03, SA05, SA06, TA01, TA02 and RE01 were digested
with 90 units of Spe I endonuclease, and ramped in pulsed field electrophoresis from
15 to 25 second pulses, for 24 h at 200 V (Fig. 28). All D N A samples appeared to be
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FIGURE 27 - Digestion of D N A from SA03, SA05, SA06, TA01, TA02 and
RE01 with Dra I endonuclease

Samples of 2 pg of DNA from SA03, SA05, SA06, TA01, TA02 and RE01 digested with
Dra I were subjected to pulsed field gel electrophoresis at 200 V for 24 h, with pulses
ramped from 50 to 150 seconds. D N A from SA03 (Lane 2), SA05 (Lane 3), SA06
(Lane 4), TA01 (Lane 5), TA02 (Lane 6) and RE01 (Lane 7) yielded four identical
bands. A smaller 25 Kb fragment, which was observed in the gel depicted in Figure
25, was not detected in this samples. A lambda ladder (48.5 Kb) was electrophoresed
in Lane 1 as molecular weight markers.
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FIGURE 28 - Digestion of D N A from SA01, SA03, SA05, SA06, TA01,
TA02 and RE01 with Spe I endonuclease

Two pg of D N A from SA01, SA03, SA05, SA06, TA01, TA02 and RE01 were digested
with Spe I and subjected to pulsed field at 200 V for 24 h, with pulses ramped
between 15 and 25 seconds. D N A from SA01 (Lane 1), SA03 (Lane 2), SA05 (Lane
3), SA06 (Lane 4), TA01 (Lane 5), TA02 (Lane 6) and RE01 (Lane 7) yielded
identical restriction profiles, with eleven bands clearly identified. Lane 8 contained a
lambda ladder (48.5 Kb concatamers) as D N A molecular weight markers.
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700 Kb

100 Kb 50 Kb -

10 Kb -

5 Kb -

FIGURE 29 - Digestion of AU01 D N A with Spe I and Xba I endonucleases

Two pg of AU01 were independently digested with Spe I and Xba I and subsequently
subjected to pulsed field gel electrophoresis at 200 V for 12 h using 4 second pulses
followed by 12 h at 40 second pulses. Digestion with Spe I (Lane 3) and Xba I (Lane
4) produced profiles comparable with those obtained for D N A from SA03, after
digestion with the same endonucleases (Fig. 23) and pulsed field gel electrophoresis
under identical conditions. Lane 1 contained a ladder of 4.85 Kb concatamers, and
Lane 2 a lambda ladder of 48.5 Kb concatamers.
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MOLECULAR WEIGHT ESTIMATION
Dra_i

Spe I

Xba I

900

450

330

800
275

400
365 (2x)

315 (2x)
280

330

235

150

220

135

210

120 (2x)
85 (2x)
53
34

185
165
120 (2 x)
105 (2 x)

1,500 710 380

25

24

73 (2x)
60
45 (2x)
37
32
21
20
17
12

3,500 3,426 3,520

TABLE 3 - Molecular weight of SA03 genomic DNA

Molecular weight estimation of DNA from SA03 isolate after digest
I and Xba I endonucleases. A double band is indicated by (2x). The average molecular
weight is 3,489 Kb.
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totally digested and presented an identical pattern. These results confirmed the
results obtained from the digestion of D N A with other more c o m m o n endonucleases
(section 3.6) and suggested that the average molecular weight of 3,480 Kb found for
SA03 is also shared by the other isolates assigned to Group 1 on the basis of B R E N D A
analysis (section 3.6).

Aliquots of 2 pg of DNA from isolate AU01 were independently digested with 90 units
of Spe I and 100 units of Xba I endonucleases. The resulting D N A fragments were
separated by pulsed field electrophoresis at 175 V for 12 h at a 4 second pulses
followed by 12 h at a 40 second pulses (Fig. 29). Both digestions yielded restriction
profiles indistinguishable to that obtained from the digestion of D N A of S A 0 3 with the
same endonucleases, indicating the similarities between both organisms. It appears
that isolate AU01 also shares the same, or very similar, molecular weight as SA03.
Nevertheless, certain fragments remained unresolved at the high molecular weight
range under the given conditions, making a more detailed comparison difficult.

3.9 DETECTION OF BACTERIA ISOLATED FROM GREENING AND DIEBACK
INFECTED CITRUS

A number of different approaches were investigated in order to develop a detection
system for the bacterial isolates derived from greening and dieback infected citrus.
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3.9.1 HYBRIDISATION OF pUC18 WITH DNA FROM BACTERIAL ISOLATES
FROM GREENING AND DIEBACK INFECTED CITRUS

Before a recombinant plasmid detection system based on pUC18 could be used in the
development of a detection system for any of the bacterial isolates from greening and
dieback infected citrus, the plasmid vector p U C 1 8 itself had to be assayed for any
possible hybridisation with the D N A of the isolates as a control. D N A from A U 0 3 and
fixed SA01, SA07, TA01 and R E 0 2 cells were prepared as described in section
2.8.2.1. T w o sets of D N A spots containing 700 ng and 350 ng respectively, from each
isolate were immobilised onto a Zeta-probe nylon membrane (Bio Rad Laboratories,
Richmond, CA, U S A ) as described in 2.18.1, together with D N A spots containing 100
and 200 ng of purified p U C 1 8 plasmid D N A (Boehringer Mannheim, Mannheim,
Germany). The blot was prehybridised (section 2.19.2) and hybridised with 3 2 p .
labelled p U C 1 8 (section 2.19.3) at a concentration of 50 ng/ml for 1 h at 65 9 C.
After the posthybridisation washes (section 2.19.4), it was exposed to an X-ray film
overnight with intensifying screens at -70 9 C (Fig. 30).

There was a strong hybridisation signal recorded for the pUC18 positive controls at
both concentrations.

Although the background was not totally clear, there was no

cross-reactivity between the purified plasmid D N A and D N A from any of the tested
isolates, suggesting p U C 1 8 would be a suitable plasmid to create a genomic library for
some of the isolates.
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F I G U R E 30 - Determination of the cross-reactivity of plasmid p U C 1 8
with the DNA from selected isolates

Samples containing 700 ng (A) and 350 ng (B) of DNA, from AU03 (1), TA01(2),
SA01 (3) and RE02 (4) were spotted onto a nylon membrane and hybridised with
control 32p.labelled pUC19 (5). After a 24 h exposure on X-ray film, there was no
sign of cross-reactivity with any of the tested isolates.
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3.9.2 DEVELOPMENT OF A DNA PROBE FOR THE DETECTION OF ISOLATE
TA01

A large number of isolates derived from a wide variety of sources were assigned to
Group 1. Hence, one member of this group, TA01, was selected as the source D N A to
clone into pUC18.

A total of 1pg of TA01 DNA prepared as described in section 2.8.1 was digested with
10 units of Sal I endonuclease in buffer H for 2 h, as described in section 2.11.1, and
purified by extraction with 1 volume of chloroform/isoamylalcohol (24:1 v/v ratio)
followed by an ethanol precipitation (section 2.8.5). In a separate reaction, 100 ng
of pUC18 was digested with 5 units of Sal I endonuclease for 2 h.

A partial genomic library of Sal I fragments of TA01 DNA was constructed in plasmid
p U C 1 8 by transformation of E.coli JM101 cells, as described in section 2.12.3.

A total of 93 white recombinant colonies were identified and streaked individually on
fresh LB-agar plates containing ampicillin (100 pg/ml), 0.5 m M IPTG and 0.004%
(w/v) X-gal, as described under section 2.12. The recombinant colonies were grown
(TASI-1 to TASI-93), and plasmid D N A extracted according to the method of Birnboim
and Doly (1979) (section 2.8.4.2).

A 2 pl aliquot from each plasmid D N A

preparation was run on agarose gel electrophoresis alongside control plasmid pUC18
and bacteriophage lambda D N A digested with Eco Rl and Hind III. S o m e plasmid D N A
samples proved to have no detectable insert, and thus were discarded. Others
harboured a very small insert (< 200 bp) and were also eliminated. Eight colonies,
TASI-12, 22, 23, 24, 30, 31, 36 and 48 were found to have plasmids containing an
insert larger than 500 bp, and were selected for further screening.
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FIGURE 31 - Size of inserts in recombinant plasmids from a partial
genomic library of isolate TA01 in pUCl8

Selected recombinant plasmids, pTASI-12 (Lane 2 ), pTASI-22 (Lane 3), pTASI-23
(Lane 4), pTASI-24 (Lane 5), pTASI-30 (Lane 6), pTASI-31 (Lane 7), pTASI-36
(Lane 8) and pTASI-48 (Lane 9) from a partial genomic library were purified, the
insert excised with Sal I endonuclease digestion and electrophoresed on a 1 % agarose
gel, at 80 V for 30 minutes. Plasmids pTASI-23 (Lane 4), pTASI-24 (Lane 5) and
pTASI-36 (Lane 8) harboured a double insert, while pTASI-12 (Lane 2), pTASI-30
(Lane 6), pTASI-31 (Lane 7) and pTASI-48 (Lane 9) contained a single insert.
Plasmid pTASI-22 (Lane 3) was loaded in low concentration and its insert was not
visible. As a control, undigested TA01 DNA (Lane 10) was loaded alongside. The size
of the inserts (see text) was determined after laser scanning of the photograph and
comparison with bacteriophage lambda DNA digested with Eco Rl and Hind III.
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T w o pg from each recombinant plasmid D N A preparation was digested with 10 units of
Sal I endonuclease in 20 pl of buffer H (see Appendix V) as described in section
2.11.1 to release the insert, and subsequently subjected to agarose gel electrophoresis
in a 1 % (w/v) agarose gel at 80 V for 30 minutes (Fig. 31). Recombinant plasmid
TASI-22 was loaded in a low concentration and its insert (550 bp) was not detected.
Plasmids pTASI-23, pTASI-24 and pTASI-36 appeared to have a double insert, all
sharing similar sizes (400 and 700 bp).

Plasmids pTASI-30 (500 bp) and pTASI-

31 (600 bp) harboured single relatively small inserts, while pTASI-48 (850 bp)
and pTASI-12 (800 bp) contained the largest inserts. The molecular weight of each
insert was determined by laser densitometry of the photograph, and comparison with
the migration of the uncut p U C 1 8 and bacteriophage lambda D N A digested with Eco Rl
and Hind III.

A panel of DNA samples prepared as described in section 2.8.1.1 was spotted onto
Zeta-probe nylon membrane (Bio Rad Laboratories, Richmond, CA, USA). A total of
four identical blots, each to be hybridised with plasmid D N A samples from pTASI-12,
22, 23, and 24, respectively, were spotted with 200 ng of D N A from TA01, SA07,
AU01, AU03, R E 0 2 (bacterium isolated from greening infected citrus which does not
have the typical characteristics of the other characterised isolates), Escherichia coli
D A R 34854 and Agrobacterium radiobacter. D N A samples were bound to the
membrane by ultraviolet light crosslinking (section 2.18.1), also included was 500
ng of healthy citrus D N A (prepared as described in section 2.8.3) and 100 ng of the
corresponding recombinant plasmid. Another four identical blots were prepared for
hybridisation with recombinant plasmids pTASI-30, 31, 36, and 48, increasing the
amount of D N A spotted to 500 ng and reducing the recombinant plasmid D N A control to
25 ng.
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Purified plasmid D N A samples were labelled with 3 2 p by n j c k translation reaction
and used in the Rapid-hybridisation system from Amersham International (section
2.19). Hybridisation was conducted using a probe concentration of 100 ng/ml, except
for the blot hybridised with pTASI-22 D N A where the concentration was 40 ng/ml.
Autoradiography was performed overnight with intensifying screens at -70 9 C (Fig.
32-37).

All hybridisations yielded a strong signal for the recombinant plasmid (pUC18)
control, as compared with the other signals. Hybridisation with plasmid pTASI-12
(Fig. 32) yielded a signal with D N A from TA01, AU01 and SA07, as well as a weak
signal with A U 0 3 D N A .

No signal was seen for any of the negative controls.

Hybridisation with plasmid pTASI-22 (Fig. 33) produced similar results as pTASI12, but Agrobacterium D N A also reacted. No signal was found for the hybridisation
with pTASI-23 in any of the D N A samples, except for the recombinant plasmid control
itself. Hybridisation with plasmid pTASI-30 (Fig. 34) resulted in a reaction with
D N A from TA01, AU01 and SA07, as well as with D N A from E. coli and, weakly, with
D N A from Agrobacterium

and RE02.

Although the strongest signal for the

hybridisation with pTASI-31 (Fig. 35) came from D N A from TA01 and AU01, weak
hybridisation was recorded for D N A from SA07, E. coli. R E 0 2 and, a very faint signal,
for healthy citrus DNA. W h e n plasmid pTASI-36 (Fig. 36) was used as a probe, it
reacted strongly with D N A from TA01 and AU01, and weakly with E. coli DNA, while
pTASI-48 (Fig. 37) yielded a strong signal with D N A from TA01 and very faint
signals with D N A from SA07, healthy citrus, E. coli and RE02. A high background
precluded from establishing the signal, if any, yielded by TA01.

In hybridisation experiments, the minimum amount of target DNA needed to yield a
hybridisation signal is considered to be 0.3 pg (hybridisation manual, Amersham
International, Amersham, UK). From the estimated size of the bacterial chromosome
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FIGURE 32 - Hybridisation of pTASI-12 with isolates from greening
and dieback infected citrus

Two hundred ng of DNA from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), SA07 (C1), Escherichia coli
(A2), Agrobacterium radiobacter (B2), AU03 (C2), AU01 (C3) were spotted onto a
nylon membrane, together with 100 ng of pTASI-12 (B3) and 500 ng of healthy
citrus D N A (A3). The blot was hybridised with purified 32p.|abelled pTASI-12 and
exposed to an X-ray film for 24 h. A positive reaction was detected for D N A from
TA01, SA07, AU01 and control pTASI-12, as well as a weak reaction with D N A from
AU03 .
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F I G U R E 33 - Hybridisation of pTASI-22 with isolates from greening
and dieback infected citrus

Two hundred ng of D N A from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), SA07 (C1), Escherichia coli
(A2), Agrobacterium radiobacter (B2), A U 0 3 (C2), AU01 (C3) were spotted onto a
nylon membrane, together with 100 ng of pTASI-22 (B3) and 500 ng of healthy
citrus D N A (A3). The blot was hybridised with purified 32p.|abelled pTASI-22 and
exposed to an X-ray film for 24 h. A positive reaction was recorded for D N A from
pTASI-22, TA01, AU01, A U 0 3 and

SA07, as well as for D N A from Agrobacterium

radiobacter.
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F I G U R E 34 - Hybridisation of pTASI-30 with isolates from greening
and dieback infected citrus

Five hundred ng of DNA from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), SA07 (C1), Escherichia coli
(A2), Agrobacterium radiobacter (B2), A U 0 3 (C2) and AU01 (C3), were spotted
onto a nylon membrane, together with 25 ng of pTASI-30 (B3) and 500 ng of healthy
citrus D N A (A3). The blot was hybridised with purified 32p.|abelled pTASI-30, and
exposed to an X-ray film for 24 h. A positive reaction was detected for D N A samples
from pTASI-30, TA01, AU01, SA07 and E. coli. with faint reactions recorded for D N A
from Agrobacterium radiobacter and RE02.

129

B

1

f

2
3

F I G U R E 35 - Hybridisation of pTASI-31 with isolates from greening
and dieback infected citrus

Five hundred ng of DNA from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), S A 0 7 (C1), Escherichia gjali
(A2), Agrobacterium radiobacter (B2), A U 0 3 (C2), healthy citrus D N A (A3) and
AU01 (C3) were spotted onto a nylon membrane, together with 25 ng of pTASI-31
(B3) as positive control. The blot was hybridised with purified 32p.|abelled pTASI31, and exposed to an X-ray film for 24 h. A positive reaction was recorded for D N A
from pTASI-31, TA01 and AU01, and weak reaction for D N A from SA07, E, CQli,
citrus and RE02.
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F I G U R E 36 - Hybridisation of pTASI-36 with isolates from greening
and dieback infected citrus

Five hundred ng of D N A from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), S A 0 7 (C1), Escherichia coli
(A2), Agrobacterium radiobacter (B2), A U 0 3 (C2), healthy citrus D N A (A3) and
AU01 (C3) were spotted onto a nylon membrane, together with 25 ng of pTASI-36
(B3) as a positive control. The blot was hybridised with purified 32p-| a belled
pTASI-36, and exposed to an X-ray film for 24 h. A strong positive reaction was
recorded for D N A from pTASI-36, TA01 and AU01, being weak for D N A from E, COli-
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F I G U R E 37 - Hybridisation of pTASI-48 with isolates from greening
and dieback infected citrus

Five hundred ng of D N A from isolates TA01 (A1), RE02, an uncharacterised isolate
from citrus infected with greening from Reunion (B1), S A 0 7 (C1), Escherichia coli
(A2), Agrobacterium radiobacter (B2), A U 0 3 (C2), healthy citrus D N A (A3) and
AU01 (C3) were spotted onto a nylon membrane, together with 25 ng of pTASI-48
(B3) as a positive control. The blot was hybridised with purified 32p.|abelled
pTASI-48, and exposed to an X-ray film for 24 h. A positive reaction was recorded
for D N A from pTASI-48, TA01, and weak signals for D N A from healthy citrus, E, coli,
RE02 and SA07. The high background precluded from establishing the hybridisation
signal, if any, yielded by TA01.
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(3,500 Kb), the amount of D N A contained in each bacterial cell (approximately 0.1
pg) and the size of the inserts of the pTASI recombinant plasmids, it is possible to
establish the minimum number of bacterial cells necessary to yield a hybridisation
signal with a pTASI probe. Thus, D N A from a minimum of 21,000 bacterial cells is
theoretically required to be positively detected with a probe 500 bp long. In addition,
sensitivity m a y be reduced when hybridisation is performed with whole recombinant
pTASI plasmid instead of hybridising exclusively with the purified insert. Hence, at
least 2x 1 0 4 cells would need to be represented in any sample for positive detection.

3.9.3 DEVELOPMENT OF A SIGNATURE PATTERN FOR SA03 USING
RESTRICTION FRAGMENT LENGTH POLYMORPHISM (RFLP)

Despite the relative simplicity of the positive/negative type of detection systems,
such a system is not able to accurately detect and identify a given microorganism. The
isolates placed in the Group 1 are derived from diseased material from a number of
countries. They have the typical morphology of the putative greening organism.
Therefore, it is important to develop a diagnosis method to determine if similar
organisms are routinely found in citrus with greening or dieback. The use of the
probes reported above would require samples containing at least 1 0 4 bacteria. RFLP
is another sensitive detection method and may be more sensitive.

Restriction fragment length polymorphism (RFLP) allows a detailed examination of
particular D N A sequences. Since the rRNA genes contain very conserved sequences,
R F L P of r R N A genes (ribotyping) could prove to be a valuable technique in the
identification of isolates from Group 1. W h e n D N A from a bacterium is hybridised
with D N A from an unrelated bacterium, the homology detected is due virtually
entirely to the similarity between r R N A genes from both bacteria. This fact can be
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exploited to use commercially available D N A from E. coli as a probe in the detection
and identification of a signature pattern for the rRNA transcriptional units of the
Group 1 isolates.

A total of 10 pg of purified E. coli DNA (Sigma Corporation, St Louis, MO, USA) were
labelled with digoxigenin (section 2.21.1), using double amount of every reagent
recommended by the supplier, in a final volume of 40 pl. The probe was purified and
finally resuspended in 100 pl of buffer 4 (see Appendix XIV) at a concentration of
100 ng/pl.

Dilutions of the purified probe (10-2-10-5) were made in sterile distilled water
and spotted onto positively charged nylon m e m b r a n e s (Boehringer Mannheim,
Mannheim, Germany) alongside dilutions (10-1, 10" 2 and 10" 4 ) of digoxigeninlabelled control p B R 3 2 8 (5 ng/pl) supplied by Boehringer Mannheim. The blot was
cross-linked for 3 minutes with ultraviolet light in a Stratalinker (Stratagene, La
Jolla, CA, U S A ) on top of filter paper soaked in 2x S S C , and immunologically detected
(section 2.21.5) (Fig. 38).

The blot presented a clear background, with strong hybridisation signals. The 10"4
dilution of control p B R 3 2 8 (0.5 pg) w a s clearly detected after 3 h of colour
development. The labelled E. coli probe produced a signal approximately 20 fold of
that yielded by the s a m e dilution of the p B R 3 2 8 control (5 ng of labelled D N A per pl),
indicating an E. coli probe concentration of 100 ng of labelled D N A per pl (or a total of
10 pg for all 100 pl sample). This corresponds to a label activity of 1 pg of labelled
D N A per pg of DNA, indicating a good labelling activity.
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F I G U R E 38 • Sensitivity of digoxigenin probe

A total of 10 pg of total E. coli D N A were labelled with digoxigenin. One pl samples of
dilutions (10-2 to 10-5, with a total of 1 ng to 1 pg of D N A respectively) of the
purified probe were spotted onto a nylon membrane (A), alongside one pl samples of
similar dilutions (10-1,10-2 and 10* 4 , with a total of 500 pg, 50 pg and 0.5 pg of
labelled D N A respectively) of control digoxigenin-labelled pBR328 (B).

The

hybridisation signals from E. coli D N A were estimated to be 20 fold stronger than
those from the labelled control DNA, indicating a labelling activity of approximately
1 pg of labelled E. coli D N A per pg of probe. The sensitivity was determined as the
minimum amount of target D N A required to yield a visible hybridisation signal and
was established at 0.1 pg.

135

Solid D N A samples from fixed S A 0 3 cells, together with D N A from A U 0 1 ,
Agrobacterium radiobacter, Bacillus subtilis and healthy citrus (Troyer citrange)
were prepared as described in section 2.8.

Samples containing 1 pg of DNA from SA03 were digested with 11 units of Mlu I in
buffer H (see Appendix V) or 75 units of Eco Rl in buffer H or 10 units of Hind III in
buffer M or doubly digested with 75 units of Eco Rl plus 10 units of Hind III in buffer
M respectively (section 2.11.2). In similar digestions, 1 pg of D N A from healthy
citrus material was digested with the same concentration of Hind III, Eco Rl, Mlu I and
Eco Rl plus Hind III.

Samples were electrophoresed on a 0.6% (w/v) agarose gel for 1 h at 80 V without
ethidium bromide, and transferred onto a nylon membrane (Boehringer Mannheim,
Mannheim, Germany) using alkaline blotting (section 2.18.2). A lane was loaded with
300 ng of bacteriophage lambda D N A digested with Eco Rl plus Hind III (Boehringer
Mannheim) and tracking dye (see Appendix X) to monitor electrophoresis, but was
excised from the rest of the gel before the transfer took place.

DNA was cross-linked to the membrane by baking the blot at 1209C for 30 minutes,
the blot then prehybridised for 4 h and hybridised (section 2.21). Hybridisation was
performed with freshly denatured E. coli probe at a concentration of 25 ng/ml (as
suggested by Boehringer Mannheim) in 2 ml of hybridisation buffer (see Appendix
XIII). W a s h e s were performed at low stringency, using 2x 5 minutes in 2xSSC, 0.1%
(w/v) S D S at room temperature, and 2x 15 minutes in the s a m e solution at 68 9 C.
The presence of hybridised probe on the membrane was immunologically detected as
described in section 2.21.5, using an extended incubation time with the antibody
solution of 1 hour and 4x 30 minute washes with buffer 1. Colour development was
carried out overnight. The control lane, containing D N A molecular weight markers
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which w a s electrophoresed alongside the D N A samples, w a s stained with ethidium
bromide. These standards allowed an estimation of the molecular weight of the
hybridisation signals observed on the blot.

The hybridisation signals obtained (Fig. 39) were weak, partially due to a poor
transfer to the m e m b r a n e which w a s determined a posteriori by staining the gel in
ethidium bromide after the transfer, and detecting traces of D N A left behind.
Nevertheless, hybridisation signals were obvious for all S A 0 3 D N A samples.

No

hybridisation bands were found for the D N A from healthy citrus material, indicating a
poor homology with E. coli D N A . These results may suggest the usefulness of this D N A
probe in a detection method. Joint digestion of S A 0 3 D N A with Hind III and Eco Rl did
not yield a multiple or otherwise advantageous pattern, with two visible bands of 1
and 5 Kb. Hind III digestion of D N A from S A 0 3 resulted in a single weak band of a high
molecular weight (>25 Kb), a pattern often obtained after an incomplete digestion of
DNA. Digestion of D N A from S A 0 3 with endonuclease Mlu I yielded a pattern with two
distinct bands of approximately 6 and 8 Kb respectively, while the digestion of SA03
D N A with Eco Rl yielded a single band, of a high molecular weight (>20 Kb).

Similarly, 1 pg of DNA from Agrobacterium radiobacter and Bacillus subtilis was
digested with 11 units of Mlu I and electrophoresed on a 0.6% (w/v) agarose gel at 80
V for 2 h. The gel w a s transferred onto a nylon m e m b r a n e (section 2.18.2), and
hybridised with E. coli labelled D N A at a concentration of 25 ng/ml, followed by
immunological detection under the s a m e conditions used for the hybridisation of the
blot depicted in Figure 39 (Fig. 40).

Despite using identical conditions to those used for the hybridisation of the blot
depicted in Figure 39, a much stronger hybridisation signal w a s obtained. This blot
required a development time of only 3 h, which yielded a lighter background. This can
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analysis of D N A from S A 0 3 with several endonucleases

One pg aliquots of DNA from SA03 and healthy citrus material were independently
digested with a variety of endonucleases. D N A digestions were electrophoresed on a
1 % agarose gel for 1.5 h at 80 V, transferred to a nylon membrane and hybridised
with digoxigenin-labelled E. coli DNA.

After immunological detection, D N A from

citrus material digested with Hind III (Lane 1) did not yield any hybridisation signal,
while D N A from SA03 digested with Hind III (Lane 2) yielded a single weak band next
to the wells. D N A from SA03 digested with both Eco Rl and Hind III (Lane 3) yielded a
5 Kb and a 1 Kb band. Digestion of D N A from SA03 with Mlu I (Lane 4) revealed two
bands of 6 and 8 Kb approximately, while no signal was recorded from a similar
digestion of D N A from healthy citrus material (Lane 5). Hybridisation of D N A from
S A 0 3 digested with Eco Rl (Lane 6) yielded a single hybridisation band of
approximately 20 Kb, whereas no signals were observed when D N A from citrus
material was digested with the same endonuclease (Lane 7).
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F I G U R E 40 - Restriction fragment length polymorphism

(RFLP)

analysis of A g r o b a c t e r i u m radiobacter and Bacillus subtilis with
Mlu I endonuclease

One pg aliquots of DNA from A. radiobacter and B. subtilis were digested with Mlu
subjected to electrophoresis in a 0.6% agarose gel at 80 V for 1 hour in 1xTBE
buffer. D N A was transferred to a nylon membrane by alkaline blotting and hybridised
with digoxigenin-labelled E. coli DNA. After immunological detection, Agrobacterium
radiobacter (Lane 1) yielded a total hybridisation smear, suggesting a strong
hybridisation with total E. coli D N A , while Bacillus subtilis (Lane 2) yielded a
pattern of seven visible bands of a molecular weight between 4 and 20 Kb.
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be explained at least partially because the transfer efficiency w a s higher. The
appearance of multiple hybridisation bands for Bacillus subtilis suggested that this
bacterium carries a high number of rRNA transcriptional units. The smear seen for
Agrobacterium radiobacter may suggest that hybridisation bands were not only due to
E, coli rRNA genes, but also tototal E. coli DNA, under these low stringency conditions.
None of the RFLP's from D N A samples of the other bacteria tested yielded a pattern
similar to that obtained for the D N A from SA03, implying the existence of significant
differences in their r R N A transcriptional units structure, and hence in their
phylogeny.

These results suggested the suitability of Mlu I and Eco Rl endonucleases in the
ribotyping analysis of D N A from isolate SA03.

3.9.3.1 SENSITIVITY OF RESTRICTION FRAGMENT LENGTH
POLYMORPHISM (RFLP) IN THE DETECTION OF SA03

DNA from SA03 fixed cells was purified (section 2.8.2.1). Four aliquots, each
containing 50 m g of healthy citrus (Troyer citrange) midribs were pulverised in
liquid nitrogen and freeze-dried (section 2.8.3). From a sample of washed, fixed
SA03 cells (108 cells/ml in 50 m M E D T A ) , 10?, 106, 105 and 1 0 4 S A 0 3 cells
were added, respectively, to each aliquot of freeze-dried citrus tissue. Each aliquot
was then m a d e up to 350 pl with molten 1 % (w/v) low melting point agarose (BioRad, Richmond, CA, U S A ) and solidified in moulds (section 2.8.1.2).

The agarose blocks were incubated in 50 mM EDTA with 1 mg/ml of proteinase K at
37 9 C for 24 h. Samples were equilibrated six times in 100 volumes of 50 m M E D T A
for 30 minutes to remove proteinase K. Cell digestion was then continued for 24 h
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with lysozyme (500 pg/ml), followed by a further 24 h in proteinase K (1 mg/ml)
and 1 % (w/v) S D S . Agarose blocks were finally washed six times with 100 volumes
of 50 m M E D T A for 30 minutes, and stored at 4 e C until needed.

An agarose block from each aliquot, 1/10 of the total purified solid sample, containin
respectively: D N A from 105 S A 0 3 cells, 5 m g of healthy citrus, 5 m g of healthy
citrus with 106 S A 0 3 cells, 5 m g of healthy citrus with 105 S A 0 3 cells, 5 m g of
healthy citrus with 1 0 4 S A 0 3 cells, and 5 m g of healthy citrus with 103 SA03 cells
were digested with 150 units of Eco Rl endonuclease (section 2.11.2). The resulting
fragments were separated on a 1 % (w/v) agarose gel and electrophoresed at 80 V for
3 h without ethidium bromide.

D N A was subsequently transferred onto nylon

membrane (Boehringer Mannheim, Mannheim, Germany) using the alkaline blotting
(section 2.18.2).

The DNA on the blot was cross-linked to the membrane by baking at 1202C for 30
minutes, the blot then prehybridised for 4 h and hybridised in 2 ml of hybridisation
buffer (see Appendix XIII) supplemented with 100 pg/ml of sonicated herring sperm
D N A (Promega Corporation), with E. coli D N A digoxigenin-labelled at a concentration
of 200 ng/ml (concentration recommended by Boehringer Mannheim to improve the
sensitivity of the detection assay). The membrane was washed under low stringency
conditions, 2x 5 minutes in 2x S S C , 0.1% S D S at room temperature and 2x 15
minutes in 2x S S C , 0.1% S D S at 50 9 C, before proceeding with the immunological
detection (section 2.21.5). The blot was incubated with the antibody solution for 1 h
and four washes of 10 minutes undertaken in buffer 1. Colour development was
allowed to proceed for 24 h (Fig. 41).

No evident hybridisation signal was obtained for healthy citrus DNA, except for a fain
smear. Hybridisation signal was observed for the sample containing D N A from 105
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F I G U R E 41 - Sensitivity test of the restriction fragment length
polymorphism (RFLP) analysis of D N A from SA03 with Eco Rl
endonuclease

A serial dilution of DNA from citrus material containing SA03 cells, SA03 DNA and
healthy citrus D N A were digested with Eco Rl and subjected to electrophoresis on a 1 %
agarose gel at 80 V for 3 h. D N A was transferred onto a nylon membrane by alkaline
blotting and hybridised with digoxigenin-labelled E. coli DNA. After immunological
detection of the blot, healthy citrus D N A (Lane 1) did not react with the probe. Pure
D N A from 105 SA03 cells (Lane 2) yielded a strong signal. The sample containing
D N A from citrus plus 106 SA03 cells (Lane 3) yielded a stronger signal, and the
sample containing D N A from citrus material plus 105 SA03 cells (Lane 4) yielded a
signal comparable to pure D N A from 105 SA03 cells (Lane 2). The sample containing
D N A from citrus plus 1 0 4 SA03 cells (Lane 5) was also detected, but the sample
containing D N A from citrus plus 103 SA03 cells (Lane 6) did not yield any visible
hybridisation signal.
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cells of SA03, with a similar signal found for the sample containing D N A from healthy
citrus and 105 cells of SA03. The sample containing D N A from healthy citrus and
106 cells of S A 0 3 produced a strong signal, approximately 10 fold the intensity found
for the sample containing D N A from healthy citrus and 105 cells of SA03. A weak
hybridisation signal was found for the sample containing D N A from healthy citrus and
1 0 4 cells, but D N A from the sample containing healthy citrus and 103 cells was not
clearly detected using this method. Hence, the limit of detection of this method also
appears to be in the order of 1 0 4 bacteria, although longer colour development could
improve the sensitivity of the reaction.

3.9.3.2 DETECTION OF MICROORGANISMS IN CITRUS MATERIAL WITH
GREENING OR DIEBACK SYMPTOMS

Five samples of dried fixed citrus midribs originating from source material in the
Agricultural Research Service in Beltsville, M D , U S A , from infected citrus material
originating from plants coded #3, #8, #17, #RIB and # L K 5 and two samples of
fresh midribs from citrus with Australia citrus dieback symptoms, # 6 and # 7 (see
Appendix I) as well as samples from healthy citrus were ground in liquid nitrogen and
freeze-dried (section 2.8.3).

A total of 50 mg of filtered (150 pm) citrus powder was made up to 350 pl with 1%
(w/v) low melting point agarose, and processed to release any possible bacterial D N A
they might contain (section 3.9.3.1).

An aliquot from each sample, containing DNA from 5 mg of citrus material, was
digested with 150 units of Eco Rl endonuclease in buffer H. Similar D N A aliquots were
digested with 66 units of Mlu I endonuclease in buffer H. Both reactions were
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conducted in buffer H (see Appendix V). D N A from 5 m g of healthy citrus material,
105 S A 0 3 cells and 106 AU01 cells were also separately digested with both Eco Rl and
Mlu I for use as controls.

All samples were electrophoresed together in the same 1% (w/v) agarose gel without
ethidium bromide for 1.5 h at 70 V, until the 2 pl sample of tracking dye (see
Appendix X), loaded in a blank well migrated 8 c m from the origin. The portion of
agarose gel containing the lanes loaded with D N A samples digested using Eco Rl was
excised from that containing lanes loaded with D N A samples digested using Mlu I, and
both separately transferred onto nylon membranes in two parallel alkaline blotting
experiments (section 2.18.2).

Membranes were baked at 1209C for 30 minutes, then prehybridised for 4 h and
hybridised as described in section 2.21.3 Digoxigenin-labelled E.coli D N A probe was
kept at a concentration of 200 ng/ml (concentration recommended by Boehringer
Mannheim to improve the sensitivity of the detection assay), in 2 ml of hybridisation
buffer (see Appendix XIII) supplemented with sonicated herring sperm D N A (100
pg/ml).

Washes were performed at low stringency, 2x 5 minutes in 2x SSC, 0.1% SDS at
room temperature followed by 2x 15 minutes in the same solution at 50 9 C, and the
hybridised E. coli D N A probe immunologically detected (section 2.21.5).

Colour

development was allowed to proceed for 40 h for the blot containing D N A samples
digested with Eco Rl (Fig. 42) and 60 h for that containing Mlu I endonuclease
digestions (Fig. 43).

The hybridisation of the blot containing DNA samples digested with Eco Rl yielded a
single band (>20 Kb) for the D N A sample from S A 0 3 (Fig. 42), as was previously
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F I G U R E 42 - Detection of greening and dieback infected samples by
restriction fragment length polymorphism analysis with Eco Rl
endonuclease

DNA samples from 5 mg of dried infected citrus midribs from various sources were
digested with Eco Rl and subjected to electrophoresis, on a 1 % agarose gel at 80 V for
3 h. D N A was transferred onto a nylon membrane by alkaline transfer, and hybridised
with digoxigenin-labelled E. coli DNA. After an immunological detection of the blot,
none of the D N A samples from infected citrus material, #3 (Lane 3), #8 (Lane 4),
#6 (Lane 5), # 7 (Lane 6), #17 (Lane 7), #RIB (Lane 8) or #LK5 (Lane 9)
yielded any hybridisation signal. As controls, Eco Rl digestions of healthy citrus D N A
(Lane 1) did not yield any visible hybridisation signal but a positive reaction was
recorded for D N A from 105 SA03 cells (Lane 2) and for D N A from 106 AU01 cells
(Lane 10) digested with the same endonuclease.
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FIGURE 43 - Detection of organisms isolated from greening and dieback
infected citrus in infected plant material by restriction fragment
length polymorphism analysis with Mlu I endonuclease

DNA samples from 5 mg of dried infected citrus midribs from various sources,
together with D N A from 5 m g of healthy citrus material, D N A from fixed 105 SA03
cells and 1 0 6 AU01 cells, were independently digested with Mlu I and subjected to
agarose gel electrophoresis. A 1 % agarose gel was electrophoresed at 80 V for 3 h,
the D N A transferred onto a nylon membrane by alkaline blotting and hybridised with
digoxigenin-labelled E. coli DNA. After an immunological detection of the blot D N A
from SA03 (Lane 2) and AU01 (Lane 10) yielded strong hybridisation signals of a
molecular weight of 6 and 8 Kb, while healthy citrus D N A (Lane 1) hybridisation was
not detected. Of the infected samples, #3 (Lane 3), #8 (Lane 4), #6 (Lane 5), #7
(Lane 6), #17 (Lane 7), #RIB (Lane 8) and #LK5 (Lane 9), only #3 (Lane 3) and
#7 (Lane 6) yielded two faint bands of approximately 6 and 8 Kb, while none of the
other infected citrus samples yielded any hybridisation signal.
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found from the hybridisation experiments depicted in Figures 22, 39 and 41.
Likewise, hybridisation with D N A from A U 0 1 yielded a similar band, further
supporting the findings of the hybridisation depicted in Figure 22, although AU01 D N A
yielded here an extra band of approximately 4 Kb not previously detected. D N A from
healthy citrus material did not yield any hybridisation signals. Similarly, no distinct
bands were observed for any of the D N A samples purified from greening and dieback
infected material (Fig. 42).

The hybridisation with the blot containing DNA samples digested with Mlu I
endonuclease resulted in a light, acceptable background (Fig.43).

The sample

prepared from D N A of S A 0 3 yielded two distinct bands of 6 and 8 Kb, as previously
found from the hybridisation experiment depicted in Figure 39. The s a m e profile was
observed for D N A from A U 0 1 . Hybridisation with D N A from healthy citrus material
yielded no detectable signal. N o strong hybridisation bands were observed for the D N A
samples from infected material, although samples #3 and #7 yielded two faint bands
of 6 and 8 Kb, identical to the pattern yielded by the D N A from S A 0 3 and AU01,
suggesting that organisms similar to S A 0 3 and AU01 m a y be present in these samples.

Due to the nature of the RFLP technique, it is not practical to significantly increase
the concentration of the D N A samples hybridised, therefore hindering the use of such a
technique for detection of bacteria in infected citrus using this method. Nevertheless,
ribotyping could be used to yield a signature D N A pattern useful to compare other
isolates from diseased citrus with those placed in Group 1.
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3.10 SEQUENCING

OF THE 16S FRACTION OF THE rRNA FROM ISOLATES

SA03 AND AU01

Sequencing was carried out at the department of Microbiology of the University of
Queensland, Brisbane, with help and advice from Professor E. Stackebrandt and Dr. M.
Dorsch.

Sequencing of the bacterial 16S fraction of the rRNA allows a further comparison
between bacteria and the possibility of a phylogenetic classification. Fixed material
was available for the purification of rRNA from greening isolate SA03.

Ribosomal

R N A w a s purified from isolate A U 0 1 cultured from citrus with Australian citrus
dieback.

T h e 1 6 S rRNA from both isolates w a s sequenced in an attempt to

taxonomically classify both isolates and to further compare them, since AU01 D N A
was found to have a rRNA transcriptional unit structure indistinguishable to that of
SA03 D N A as determined by ribotyping experiments.

3.10.1 DIRECT SEQUENCING OF 16S rRNA

The 16S fraction of the rRNA of SA03 and AU01 was prepared as described in section
2.9. Three different primers, 357, 787 and 1,390 (see Appendix XV), were used in
independent sequencing experiments with rRNA from each isolate. Each sequencing
reaction yielded enough labelled sample to load two polyacrylamide sequencing gels
(section 2.13).

Prior to being subjected to electrophoresis (section 2.16.3),

samples were denatured at 93 9 C for 2 minutes in a water bath and stored on ice until
loaded.
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The resulting labelled sample from each sequencing experiment w a s halved, the
aliquots loaded in two identical polyacrylamide gels and electrophoresis allowed to
proceed for 2.5 h and 6 h respectively. After electrophoresis, gels were washed in
acetic acid and dried (section 2.16.3), before setting up an overnight autoradiography
using intensifying screen at -70 9 C (section 2.20).

Films were then developed and the sequences read manually over a light box. Up to
250 bases were sequenced with each primer using the reverse transcriptase method.
Sequences appeared uninterrupted with no unspecific bands, indicating a good quality
rRNA template and a secondary structure that does not interfere with the labelling
reaction. While primers 357 and 787 yielded an efficient sequence, reaction with
primer 1,390 w a s not as efficient, resulting in only a short readable sequence of
nucleotides. This suggests that homology of 1,390 primer with the template was not
as high as that of the 357 and 787 primers. The rRNA sequences determined for both
isolates, S A 0 3 and AU01, were identical .

3.10.2 SEQUENCING OF PCR AMPLIFIED 16S rRNA GENE

Purified DNA was prepared from isolate AU01 and fixed SA03 cells (section 2.8.1).

A total of 400 ng of DNA from each isolate was amplified in separate reactions through
the polymerase chain reaction (section 2.15). The full 16S fraction w a s amplified
using the 10-30 and 1,500 primers (see Appendix XV), in a 100 pl reaction.

A volume of 10 pl from each amplified sample was drawn, avoiding any mineral oil,
and loaded on a 0.7% (w/v) agarose gel to monitor the amplification process. The gel
was run at 80 V for 3 h and photographed under U V light (Fig. 44). Although a few
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FIGURE 44 - P C R amplification of the complete 16S fraction of rRNA
from isolates SA03 and AU01

DNA was amplified from 400 ng of total DNA from each of SA03 (Lanes 2, 3, and 4)
and AU01 (Lanes 5, 6 and 7), using primers 10 and 1,500. Amplification was
carried out at 43 9 C for 1.5 minutes, followed by 72 9 C for 2 minutes and 93 9 C for 1
minute for a total of 28 cycles. A few nonspecific bands were observed for D N A from
SA03, although the bulk of he P C R product was D N A corresponding to the complete
16S rRNA gene. Lane 1 contained bacteriophage D N A digested with Eco Rl plus Hind
III.
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GUUUGAUCCUGGCUCAGGAUGAACGCUC"^^
GGAOIUGCUCUGUGGAUCAGUGGCGMCGGGUGAGUMCACv^
AUAAGCGCUGGAAACGGCGUCUAAUACUGGAUAUGUGACGUGAUCGCAUGG
200
UCUGOSUaiGGAAAGAAUUUCCGUIJGGGGAUGGGCUCGCGGC^
CUCAvXMGGCGlJCGACGGGUAGCCGGCClJGAGA
CAG^CUCCUAOaGGAGGCAGCAGUGGGGMUAUUGCACMUGGGCGCAAGCCUGAUGCAGCAAC
400
GCCGCGUGAGGGAUGAO"X3CCUUCGCGUUGUAM^
UACCUGCAGAAMGCGCXGGCUMCUACGUGCCAGCAGCCGCGGUMUAOBUAGGGCGCAAGCGUUA
UvXGGMUMUvJGGGCGUAMGAGCUCGUAGGCGGUUUG
600
AACXUvXGGCCUGGAGUGGGUACGGGCAGACUAGAGUGO^^
GCGGUGGMUGCGCAGAUAUCUGGAGGMCACCGAUGGOSAAGGCAGAUAUv^GGAGGMCArc
UGGCGMGGCAGAUOICUGGGCCGUMCUGACX'&U^
800
GGGMCUAGUUGUGGGGIja^UUCCACGGAUvJCaSUG^
GAGUACGGCCGCAAGGCUAAAACUCAAAGGAAUUGAOSGGGACCCGCACAAGCGGC^
AUUAAUUCGAUGCAACGCGAAGAACCUUACCAAGGCUUGACAUAUAAACGCGAGAACGGGCCAGA
1000
AAUGGLICMCUvaiUUGGACAajv^UAMCAGGUGGLIGCAUGGUUGUC^
GUUGGGUUAAGUvXCGOVACGAGCGCM(Xaia3UUClJAUGUUGC^
AUGGGAUALIGCCGGGGUCAACUCGGAGGAAGGUGGGGAUGAGCX^
1200
CUUGGGCUUCACGCAUGCUACMUGGO^UACAAAGGG^
CAAAMGCCGGUCCCAGUUCGGAUUGAGGUCUGCMCUCGAC^
UvXCAGAUCAGCMvXCUGCGGUGlMUACGUUvXCGGGLICUUGUACA^
1400
AMGUCGGUMCACXUGMGCCGGIJGGCaiMCCaiUGUGGAGGGAGCCGU
GG

FIGURE 45 - Sequence of the complete 16S rRNA from SA03 and AU01
from both direct RNA sequencing and PCR amplified DNA

Complete sequence (5' to 3') of the 16S rRNA from isolates SA03 and AU01, as
determined after reverse transcriptase sequencing of RNA and sequencing of PCR-

amplified 16S rRNA gene. Numbers indicate corresponding positions in the 16S rRNA
of E- coli.
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minor D N A bands were also observed on the gel for the sample prepared from SA03
DNA, the bulk of the amplified D N A corresponded to the 1,500 bp fragment of the full
16S rRNA gene, and was excised from the gel (section 2.8.5).

A total of 7 pl of the purified amplified DNA solution was used for each sequencing
experiment. Six independent sequencing reactions were prepared with D N A from each
isolate, using primers 357, 530, 690, 980, 1,390 and 1,490 (see Appendix X V )
respectively (section 2.14). Each Sequenase reaction produced enough labelled D N A
sample to load two gels, which were run under identical conditions for 2.5 and 6 h
respectively (section 2.16.3). The gels were subjected to autoradiography (section
2.20) overnight at room temperature without intensifying screen. The sequence was
read manually over a light box . Sequences up to 600 bases in length were sequenced
with Sequenase, providing overlapping regions from the sequences yielded using the
different primers. Hence, from the data obtained from direct R N A sequencing and
from D N A sequencing of amplified D N A , the complete sequence of the 16S fraction of
the rRNA from S A 0 3 and AU01 was gathered (Fig. 45). There was complete
agreement between the nucleotide sequence obtained from both sequencing techniques.
No unspecific nucleotides were found, indicating no interference due to the secondary
structure of the rRNA sequence. This 16S rRNA sequence suggested that SA03 and
AU01 were related to the plant pathogenic coryneforms, despite their gram-negative
characteristics.

3.11 PHYLOGENETIC TREE OF BACTERIA ISOLATED FROM GREENING AN
DIEBACK INFECTED CITRUS

In initial studies Sibara (1982) suggested that organisms isolated from greeningdiseased citrus which had morphological and biochemical properties similar to those
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Figure 46 - PHYLOGENETIC TREE OF BACTERIA ISOLATED FROM
GREENING AND DIEBACK INFECTED CITRUS.

Phylogenetic tree created by comparison of the 16S rRNA sequence of isolates AU01
and S A 0 3 with 1 6 S r R N A oligonucleotide catalogues from microorganisms with
similar sequences. A total of 9 representative species of spore forming Actinomycetes
were included, their phylogenetic distance being between 4.0 and 5.9. Clavibacter
michiaanfinsfl. although not identical, w a s found to be phylogenetically related.
Numbers indicate evolutionary distance.
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organisms placed in Group 1, in the current study, had metabolic characteristics in
c o m m o n with the corynebacteria, particularly Arthrobacter. Later investigations by
Mochaba (1988) and Bock (1991) revealed high similarities with Clavibacter
michiganense. Hence, a phylogenetic comparison with Clavibacter michiganense was
undertaken by Professor Stackebrandt, University of Queensland, based on the
sequence of the 16S fraction of the rRNA from SA03 and AU01 (Fig. 49). An unrooted
tree or network was constructed based on available 16s rRNA data from Clavibacter
michiganense. Nocardioides iensenii. Rothnia dentocariosa. Arthrobacter alobiformis.
Terrabacter tumescens and 9 representatives of spore forming Actinomycetes (Fig.
46), suggesting that the Group 1 isolates are phylogenetically close, although not
identical, to Clavibacter michiganense. This analysis suggests SA03 and AU01 possess
a cell wall containing peptidoglycan of the B type.
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4 DISCUSSION

Greening-like citrus diseases sharing similar symptoms are found throughout
many citrus-growing countries (Table 1). Australian citrus dieback (ACD),
although not normally considered a member of this group of diseases, presents a
symptomatology comparable to greening (Broadbent eial, 1976, 1977),
suggesting that both diseases are maybe related.

The recognised greening-like diseases are transmitted by specific insect vectors,
phsyllids, in both Africa and Asia (Aubert, 1987). However, the vectors(s) for
A C D remains unknown (Broadbent eiai, 1977). There have been reports of
several phsyllids feeding on citrus, but they have never been associated with the
disease; Trioza ervtreae and Diaphorina citri. the vectors of greening, have not
been reported in Australia (Broadbent eiai, 1977).

A long thin rod was commonly found to be present when greening infected citrus
material (Lafleche and Bove, 1970; Chen eiai, 1971) and infected phylla
preparations (Moll and Martin, 1973) were analysed by elecron microscopy.
This microorganism was considered to be gram-negative due to the lack of obvious
peptidoglycan and other characteristics of the cell wall ultrastructure (Moll and
Martin, 1974; Gamier and Bove, 1977; Bove eiai, 1980; Gamier eiai, 1984),
and assumed to be the agent causing greening.

A gram-negative rod, with the cell wall ultrastructure previously described for
the putative greening agent by microscopy studies, was isolated by Sibara (1982)
from South African greening-infected material. Later, Duncan (1985), Mochaba
(1988) and Garnett (personal communication) isolated a number of similar
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gram-negative organisms from infected citrus material from South Africa,
Reunion Island, and Taiwan.

B6ck (1991) isolated a similar bacterium from

citrus material infected with A C D .

Although the morphology under the light microscope of the bacterial isolates is
comparable, metabolic studies (Mochaba, 1988) revealed slight differences
between isolates, which lead to the suggestion of the existence of groups within the
isolates.

Unfortunately, these isolates are fastidious and have strict growth

requirements which impede the performance of many biochemical tests (Mochaba,
1988). Due to this fact, a new way of comparing the isolates w a s sought. The
genetic information in microorganisms is stable and not dependant upon
environmental conditions (Johnson, 1984), and thus w a s the basis of comparison
used for the current study.

4.1 PURIFICATION OF NUCLEIC ACIDS

DNA can be purified from fixed cells, and its quality, as tested in restriction
endonuclease digestion, cloning and sequencing experiments, is comparable to that
obtained from fresh cultures (Fig. 1). T w o fixative methods were tested. Both
produced satisfactory results although the method utilising glutaraldehyde has the
advantage of being a faster technique than the procedure using formaldehyde. The
D N A profiles after B R E N D A proved to be reproducible (Fig. 8), not dependant on
the stage of cell growth (Fig. 9) and stable over time (Fig. 10).

The optimum conditions (Fig. 4) for the preparation of DNA from liquid fixed
organisms studied in this research were similar to a method utilised previously
(Hortelano, 1986) with minor modifications such as the use of T E buffer instead
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of 1x S S C . This procedure yielded satisfactory results for all the isolates tested.
The use of proteinase K in the lysis protocol was found not to increase D N A yield.

However, proteinase K was used in the two methods used to purify DNA from
solidified bacterial samples (section 2.8.2.). The digestion of proteins is greatly
enhanced by the combination of proteinase K and S D S (Boehringer Mannheim,
technical bulletin, 1988).

The method of Smith and Cantor (1987) did not

produce readily digested D N A samples from all isolates (Fig. 6). The method of
Promega (Fig. 5) produced intact D N A molecules, readily digested with a variety of
restriction endonucleases and stable for at least 6 months of storage at 4 9 C. As a
further advantage, it is also a shorter method.

During the course of this investigation, it was obvious that correct lysozyme
treatment played a critical role in the release of the D N A from solidified
preparations of bacterial cells (section 2.8). Early lysis of cells, before the
agarose blocks were formed, resulted in sheared D N A of a low molecular weight.
An insufficient lysozyme treatment time resulted in partial lysis, with enough
protein and cell debris in the sample to inhibit digestion with endonucleases
yielding partial digestions of the D N A and a D N A smear after subsequent gel
analysis. To remove all protein, extensive washes of the agarose blocks were
essential after the incubation with proteinase K and S D S .

DNA from citrus material was purified using proteinase K and SDS (section
2.8.3). Citrus nucleases have to be inhibited before the D N A is released; thus
before the citrus powder w a s stored, it w a s freeze-dried and kept at -70 9 C to
minimise the effect of the nucleases. A s soon as the powder was rehydrated, it was
resuspended in a buffer containing proteinase K.

157

The purification of D N A from infected samples presented another problem.
Proteinase K treatment of the crude citrus samples w a s essential to avoid the
action of citrus nucleases upon bacterial DNA, and yet lysozyme, needed to degrade
bacterial cell wall, is rapidly inhibited by proteinase K. Hence, w e opted to digest
the samples with proteinase K initially, and then to extensively wash the agarose
blocks to eliminate or greatly dilute the enzyme. This procedure w a s followed by
the standard bacterial D N A purification method of incubation with lysozyme, and
subsequently with proteinase K and S D S . Although it w a s likely that the release of
citrus D N A w a s incomplete with this method, as less nucleic acid w a s observed
after electrophoretic comparison of D N A released using this method and other
methods more appropriate for the release of citrus D N A (Hillis and Moritz,
1990), the citrus nucleases were inhibited and a high proportion of bacterial D N A
was released intact (Fig. 7).

The possibility of purifying DNA and RNA from fixed cells opens up the opportunity
of working with the nucleic acids of organisms isolated from greening infected
citrus in other countries which, like Australia, have strict quarantine laws to
prevent the introduction of foreign pests.

Ribosomal RNA can also be successfully prepared from fixed cells, although in this
study the yield w a s somewhat reduced when compared with the rRNA prepared
from a fresh culture (Fig. 2). However, it is useful to note that throughout this
investigation, the yield of rRNA obtained from both fresh and fixed cells varied
widely between preparations, with differences reaching one order of magnitude.
Hence, the difference between yield from fresh and fixed cells, or a m o n g both
fixing methods, albeit interesting, is by no m e a n s conclusive.
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The rRNA prepared for sequencing experiments did not result in well resolved 16
and 23S fractions when subjected to agarose gel electrophoresis (Fig. 2), which
suggested that the R N A may be partially degraded. Despite the degraded appearance
after electrophoresis, the rRNA prepared resulted in a successful template for
direct R N A sequencing which indicates that the samples were pure, and that full
length 16S rRNA w a s present.

This contradiction m a y be explained if the

electrophoresis conditions distorted the real rRNA pattern on the agarose gel.

4.2 ANALYSIS OF CHROMOSOMAL DNA

4.2.1 PRESENCE OF PLASMIDS IN BACTERIA ISOLATED FROM
GREENING AND DIEBACK INFECTED CITRUS

Many microorganisms contain extrachromosomal DNA in the form of plasmids,
coding for, among others, factors such as antibiotic resistance (Sanchez-Pescador
eial, 1988) and pathogenesis (Totten eiai, 1983).

Kado and Liu (1981)

successfully resolved plasmids ranging from 4 to 500 K b from a variety of plant
pathogenic bacteria. The most recognised general method for plasmid purification
was described by Birnboin and Doly (1979) for recombinant plasmids. Most of
the newer methods (Takahashi and Nagano, 1984; Pharmacia- mini prep-plus)
are modifications of this procedure. None of the methods used revealed the
existence of plasmids within the organisms isolated from greening and dieback
infected citrus (Figs. 11 and 12).

Although the Kado and Liu method separates cryptic plasmids normally running
together with chromosomal D N A (Kado and Liu, 1981), the possibility of the
existence of undetected plasmids was taken into account. Intact total D N A prepared
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in solid agarose blocks was subjected to pulsed field electrophoresis to efficiently
separate any possible plasmids. The electrophoresis conditions, at 15 second
pulses, are suitable to resolve fragments up to at least 500 Kb out of the wells, as
shown in Figure 36, where similar conditions effectively separated all fragments
of Xba l-digested S A 0 3 D N A and concatamers of lambda D N A up to at least 500 Kb.
No plasmids were observed after pulsed field electrophoresis (Fig. 13), suggesting
that the organisms isolated from greening and dieback infected citrus examined do
not harbour plasmids.

These findings correlate well with a previous study

(Hortelano, 1986) in which no plasmids were found.

Nevertheless, since the

bacteria were cultured and passaged a number of times before the plasmid
extractions were performed, one cannot ignore the possibility of native plasmids
being lost after the isolation of bacteria from the plant, during the subsequent
passage in culture medium.

4.2.2 BRENDA OF BACTERIA ISOLATED FROM GREENING AND DIEBACK
INFECTED CITRUS

Solid DNA samples in agarose blocks were digested with restriction endonucleases
with an excess of enzyme. Although 1 unit of endonuclease is, in theory, sufficient
to digest 1 pg of D N A in 1 hour (Maniatis eiai, 1982), in practice this depends
largely on the number of restriction sites to be digested in the target D N A and on
the quality of the D N A . Therefore, a large excess of enzyme is normally added to
the digestions (Maniatis eiai, 1982). Under conditions used in the current study,
an enzyme concentration of less than 2 0 units per pg usually led to partial
digestions in B R E N D A experiments where a large number of restriction sites were
present. Therefore, 30-40 units of endonuclease per pg of D N A was normally used
in standard overnight digestions. In an attempt to economise endonucleases, a total
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volume of 100 pl w a s used and the endonuclease concentration then reduced by
approximately 2 5 % . Unfortunately, during the course of the investigation some
endonucleases were inadvertently exposed to room temperature 24 hours due to a
freezer failure and, consequently, lost at least part of their activity. Hence, some
of the digestion reactions used had an endonuclease concentration of almost 100
units per pg of D N A , which is far more than what is needed under standard
conditions. Short digestions were used for liquid D N A samples and those samples
containing very few restriction sites.

Such 2-6 hour digestions utilised a slightly

higher amount of endonuclease (Biolabs, technical bulletin, 1991).

Solid DNA samples contained intact DNA molecules, as determined by pulsed field
electrophoresis, and so they were suitable for analysis of high molecular weight
fragments. Furthermore, D N A yield was higher than that obtained from liquid D N A
samples, as determined by electrophoresis.

BRENDA of bacterial DNA has been a useful and successful technique for comparing
strains of the s a m e or different species of microorganisms since 1979 (Bove and
Saillard, 1979), when it w a s used to compare different species of mycoplasma.
Since then, the technique has been utilised increasingly to characterize other
groups of bacteria based on the concept that closely related D N A sequences will
have in c o m m o n a differing number of restriction endonuclease cleavage sites
depending on the degree of sequence divergence between the DNAs. Analysis of the
fraction of cleavage sites conserved between two D N A s may be used to estimate
sequence divergence, either when the sites are mapped or the fragment changes are
sufficiently simple to be interpreted in terms of specific site changes (Upholt,
1977).
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The restriction endonucleases used in B R E N D A analysis determine ultimately the
number of fragments being produced after digestion of a given bacterial DNA.
However, because of the large sizes involved, it is impossible to predict accurately
to what extend a restriction endonuclease will digest a particular D N A .
Nevertheless, certain calculations on the basis of base composition as a predictor
provide s o m e information about likely cutting frequencies. Thus, the probability
of a C+G-rich site in a C+G-rich D N A is about 1 in 500, but only 1 in 80,000 in
a C+G-poor D N A (Owen,1989). The frequency of occurrence of certain nucleotide
sequences is also a useful indication.

McClelland eiai (1987) found that the rarity of certain DNA sequences in the
genomes of bacteria has a profound effect on the frequency of certain endonuclease
recognition sequences. In particular, endonucleases which contain the sequence
C T A G produce a much lower number of fragments than otherwise expected from
statistical predictions (Nelson and McClelland, 1989). Further, the ocurrence of
C T A G is more likely to occur in bacteria with a C+G-poor D N A . Based on this
information, the endonucleases for B R E N D A analysis of the isolates from greening
and dieback infected citrus were selected; the aim w a s to use relatively c o m m o n
enzymes in order to produce enough bands to allow a useful comparison among the
isolates.

After the DNA, of selected isolates from greening and dieback infected citrus, was
digested with Not I, Mlu I, Sfi I and Xba I endonucleases and electrophoresed under
pulsed field conditions (Figs. 14, 17, 18 and 19), S A 0 1 , isolated from leaves of a
diseased tree sampled at Randburg (South Africa), S A 0 3 and S A 0 5 , isolated from
infected fruit collected at Nelspruit (South Africa), S A 0 6 , isolated from seedlings
infected with South African greening material from Nelspruit, T A 0 1 and T A 0 2 ,
both isolated from seedlings grafted with a likubin source material from Taiwan,
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and R E 0 1 , isolated from seedlings grafted with source material from Reunion, all
resulted in identical profiles of the resulting D N A fragments. Although most of the
restriction profiles obtained resulted in many bands, making a detailed comparison
difficult, and although there might be undetected slight variations among these
isolates, the similarity of these seven isolates after four different restriction
endonuclease digestions suggests that they are all strains of the s a m e bacterium.

Isolates AU01, from ACD infected samples, and US04 (isolated in the USA from a
plant grafted to a seedling injected with bacterial isolates from South African
greening diseased citrus) produced D N A restriction patterns comparable to those of
SA01, S A 0 3 , S A 0 5 , S A 0 6 , T A 0 1 , T A 0 2 and R E 0 1 . However, a direct comparison
was only conducted after digestion with Not I (Fig. 14); hence, the evidence is not
conclusive.

The rest of the isolates examined in this study, including AU02, AU03, SA07,
SA09, SA10, U S 0 2 and U S 0 5 were different from the above group but did not form
a homogeneous group (Figs. 14, 15, 16, 17, 18, 19, 20 and 21).

Interestingly,

D N A of A U 0 3 isolated from A C D infected citrus and S A 0 7 isolated from leaves with
symptoms of South African greening consistently yielded identical restriction
profiles. Isolates S A 0 9 and S A 1 0 , obtained from South African greening diseased
citrus, could not be distinguished, but had a D N A pattern grossly different from
any other observed, except for that of U S 0 2 which presented similar restriction
profiles. Finally, U S 0 5 and A U 0 2 could not be clearly assigned to any particular
subgroup based on the B R E N D A experiments.

These results coincide with the findings of Mochaba (1988), who assigned South
African isolates GL-I, NC-I, NC-III and E (identified here as S A 0 1 , S A 0 3 , S A 0 5
and S A 0 6 , respectively), together with Reunion isolate I (identified as R E 0 1 in
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this investigation) and Taiwan likubin isolates M and O (referred to as T A 0 1 and
T A 0 2 , respectively) in Group 1, based on metabolic and

biochemical

characteristics from the analytical profile index (API) systems and these
conventional biochemical tests.which could be undertaken

In the same study,

isolates SA07, S A 0 9 , SA10, U S 0 2 and U S 0 5 (as well as other isolates not
investigated in this study) were grouped together and referred to as Group 2.

A similar grouping was also reported by Bock (1991) after analysis of cell
protein profiles. His study revealed the similarities between S A 0 1 , S A 0 3 , SA05,
SA06, TA01, T A 0 2 and R E 0 1 , of Group 1, although showing a single band difference
in S A 0 3 and T A 0 2 not found in the other isolates of the group. Bock suggested the
existence of two subgroups within the Group 2 isolates examined in this study
(SA09/SA10/US05 and SA07/AU03/US02), based on morphological, growth,
metabolic and cell protein fingerprinting data. The D N A patterns obtained after
B R E N D A in the present study would not support Bock's grouping for U S 0 2 and
US05. Bock (1991) did not assign isolate A U 0 2 to any specific subgroup.

In the present study, no differences based on BRENDA were detected among the
South African isolates of Group 1, or between them and the two Asian isolates,
TA01 and T A 0 2 . Strains within the group are not necessarily identical, however,
since some mutations would go undetected by this technique.

McClelland eial (1987) calculated the frequencies of given nucleotide sequences in
the bacterial genome, according to the C + G content of the DNA. A prediction from
their study is that the s a m e endonuclease will produce a different number of
fragments when digesting D N A s of different C + G content. The fact that SA09, SA10
and U S 0 2 produced profiles containing a few fragments, as opposed to the multi-
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fragment profiles produced by the other isolates of the group, suggest that these
isolates may have a C + G content different from the other isolates of Group 2.

The possibility that variation of plasmid DNA content in bacteria may be
responsible for the heterogeneity of B R E N D A profiles was also considered. As
mentioned earlier, none of the tested isolates had detectable plasmids, so there was
no evidence that plasmid, D N A was contributing to the B R E N D A profiles (section
4.2). Nevertheless, the integration of plasmids into the genome, such as has been
described for Pseudomonas svringae pv phaseolicola. would probably alter the D N A
profile (Hartung and Civerolo, 1987) and could explain why the D N A analysis
places some of the organisms in Group 2 in a different subgroup to the placement
made by Bock on the basis of cell wall protein profiles (Bock, 1991).

BRENDA has been successfully applied to the study of bacterial pathogens of
medical (Grothues and Tummler, 1987), veterinary (Wards eiai, 1987), and
phytopathological interest (Hartung and Civerolo, 1987).

Most of the

investigations have been carried out in unidirectional agarose electrophoresis.
With the advent of pulsed field electrophoresis, the resolution of agarose
electrophoresis has been increased by almost 3 orders of magnitude (Chu eiai,
1986).

Sobral eiai (1990) compared D N A from various Bradyrhizobium

iaponicum isolates, and Bautsch eiai (1988) used pulsed field to analyse the
genome of several strains of P s e u d o m o n a s aeruginosa. In both cases, they used
field inversion electrophoresis, as opposed to the C H E F technique (Chu eial,1986)
utilised in this investigation.

Hartung and Civerolo (1987) analysed a variety of Xanthomonas campestris pv
citri strains from Asia, South America and Florida by B R E N D A . Although a pulsed
field technique w a s not utilised, the results supported the grouping of the isolates
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as previously determined using geographic host range. They, nevertheless, found
that some isolates of different origin shared identical profiles.

The API systems profiles have proven to be of limited value in epidemiological
studies, as many strains often have the same profile, and even when differences in
API profiles are found, they m a y not be significant (Skjold eial, 1987). With
B R E N D A only very closely related microorganisms, strains of the same species,
are effectively compared due to the extensive differences encountered when two
different species are compared (Skojold eial, 1987). This suggests that two given
bacteria should only be compared by B R E N D A after morphological and metabolic
studies have revealed their similarities.

When compared with other sensitive comparative techniques, De Jonckheere
(1987) found that while serotyping and isoenzyme banding indicated a close
relationship between Naegleria fowled strains, B R E N D A was the only technique
able to detect the geographical origin of the isolates. In other investigations,
B R E N D A has been able to successfully subtype isolates belonging to the same
serovar of Legionella (Van Ketel eiai, 1984), Mycobacterium (Wards eiai,
1987), or Leptospira (Thiermann eiai, 1985).

4.2.3 RIBOTYPING ANALYSIS OF BACTERIA ISOLATED FROM GREENING
AND DIEBACK INFECTED CITRUS

BRENDA analysis was complemented with ribotyping of selected organisms isolated
from greening and dieback infected citrus. Ribotyping revealed the similarity
between A U 0 1 and S A 0 3 (Fig. 22), confirming the results from B R E N D A (section
3.6), and classifying A U 0 1 in Group 1. Isolate U S 0 4 , however, did not produce
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hybridisation signals similar to S A 0 3 and A U 0 1 (Fig. 22), therefore implying a
certain taxonomic distance to the other members of Group 1. Grimont and Grimont
(1986), found that when D N A hybridisation data for specific bacterial the isolates
was available, strains showing identical ribotyping were also highly related by
hybridisation with insignificant divergence being found; within a species, different
ribotyping patterns corresponded

to significant D N A / D N A

hybridisation

divergence.

Isolates SA13 (an uncharacterised organism isolated from greening infected citrus
with a morphology similar to that of US05) and isolate U S 0 5 appear to be closely
related by ribotyping (Fig. 22), although the hybridisation signal was obtained at
a high molecular weight range, beyond the resolution limit of unidirectional
agarose electrophoresis, and thus caution is needed in assessing this relationship.
Finally, A U 0 2 had a unique ribotyping pattern.

Ribotyping has been investigated among species and strains of such
microorganisms as E. coli (Morgan, 1982), Bacillus sp. (Gottlieb and Rudner,
1985), Mycobacterium (Bercovier eiai, 1986; Suzuki eial, 1987), Candida
(Magee eiai, 1987), Haemophilus (Irino eiai, 1988), Legionella (Saunders el
al, 1988), Providencia (Owen eiai, 1988) and Mycoplasma (Yogev eial, 1988).
These investigations revealed the uniqueness of the ribotyping profile for a
bacterial species. Therefore, the determination of rRNA gene restriction patterns
can be useful for the determination of homogeneous genomic species of bacteria
(Irino eiai, 1988).

This indicates that all the organisms from greening or

dieback infected citrus assigned to Group 1, sharing the s a m e B R E N D A and
ribotyping patterns, ought to be considered as strains of the same species.
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In some species, however, several ribotyping patterns can be observed, and this
can be utilised in epidemiological studies (Irino eiai, 1988). In a study of 92
isolates of Haemophilus influenzae. 15 different patterns were identified (Irino ei
al, 1988). Opposed to these findings, Yogev eiai (1988), observed a remarkable
degree of homogeneity in the ribotyping patterns among Mycoplasma pneumoniae
strains isolated from pneumonia patients over a 10 year period. Hence, although
no conclusive relationship between the organisms isolated from greening and
dieback infected citrus of Group 1 and Group 2 or, indeed, among the isolates of
Group 2, can be drawn from the ribotyping patterns, the fact that all the isolates
tested did produce one, or a m a x i m u m of two bands, is indicative of their
similarity and could suggest that they belong to at least the same family.

The number of bands produced after ribotyping is indicative of the number of rRNA
cistrons in the entire genome (Grimont and Grimont, 1986). The genome of Ej.coii
contains seven transcriptional units for rRNA.

Thus, at least seven bands

resulting from hybridisation of restriction fragments of chromosomal D N A with
rRNA are expected, with more resulting from the presence of restriction sites
within the rRNA transcriptional units (Stull eiai, 1988).

The number of

cistrons varies widely, from as little as 1 or 2 for Mycobacterium (Bercovier ei
al, 1986; Suzuki eiai, 1987) to up to 11 for Bacillus (Gottlieb and Rudner,
1985).

The sizes of the 16S, 23S, and 5S rRNA in E. coli are known to be about 1.5, 3 and
0.12 Kb, respectively (Suzuki eiai, 1987). Thus, the g e n o m e of A U 0 2 , which
yielded 2 hybridisation bands to D N A fragments of 9 and 12 Kb after digestion with
Eco Rl and hybridisation with E. coli D N A (Fig. 22), cannot harbour more than 2
or 3 sets of rRNA genes. The possibility exists that the same sequences, including
restriction sites and r R N A genes in the fragments, are repeated in the
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chromosome, resulting in a single hybridisation band (Suzuki eial, 1987).
Nevertheless, it is likely that A U 0 2 D N A carries only a minimum set of rRNA
genes. Isolate U S 0 4 only yielded a hybridisation signal to a 12 K b band after
digestion with Eco Rl and hybridisation with E. coli D N A (Fig. 22), and thus it can
only carry 1 or 2 rRNA genes. Because A U 0 1 , S A 0 3 , U S 0 5 and S A 1 3 did yield a
hybridisation signal to a large D N A fragment after digestion with Eco Rl and
hybridisation with

E. coli D N A (Fig. 22), it is difficult to accurately predict a

number of rRNA genes for them. Nevertheless, the fact that they yielded a single
band is strong evidence of the similarities among these bacterial isolates for rRNA
gene structure. None of the restriction endonucleases utilised to digest S A 0 3 (not
even the double digestion with Hind III and Eco Rl) resulted in the observation of a
ribotyping pattern with more than two bands (Fig. 39), which is further evidence
that S A 0 3 contains a minimum number of rRNA transcriptional units. A further
ribotyping comparison of the various isolates after D N A digestion with different
endonucleases could reveal further patterns which may be useful in determining
relationships.

4.2.4 MOLECULAR WEIGHT ESTIMATION OF THE CHROMOSOMAL DNA
OF BACTERIA ISOLATED FROM GREENING AND DIEBACK
INFECTED CITRUS

With the advent of pulsed field electrophoresis, the size of bigger DNA fragments
can be accurately determined. It thus becomes feasible to use B R E N D A to estimate
the molecular weight of all D N A fragments produced after restriction endonuclease
digestion and to determine the molecular weight of the entire bacterial genome.
Investigations in the past used unidirectional agarose electrophoresis to estimate
size of the bacterial chromosomes (Yee and Inouye, 1982). However, as mentioned
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earlier, D N A fragments of high molecular weight do not migrate in unidirectional
electrophoresis solely according to size making unambiguous molecular weight
estimations an almost impossible task.

The selection of appropriate restriction endonucleases for the estimation of the
molecular weight of the entire genome is of prime importance since a c o m m o n
enzyme will produce a large number of fragments making the size estimation
highly inaccurate. According to McClelland eial (1987), the C + G content of the
D N A will determine the frequencies of digestion of a given endonuclease.

Isolate SA03 was selected as a representative for Group 1, the largest and more
homogeneous group, on which most investigations were conducted in the current
study.

The isolate was found to have a C + G content of 6 0 % from thermal

denaturation investigations (Hortelano and Garnett, 1991).

McClelland eial

(1987) found that for bacterial D N A with a C + G content between 50 and 6 5 % , Xba
I and Spe I should produce 10 to 30 cuts per genome.

Other rare-cutter

endonucleases, such as Not I or Sfi I are expected to result in too many sites to be
useful in the genomic mapping of D N A s with C + G content over 5 5 % .

Following the predictions of McClelland eial (1987), digestion of SA03 DNA with
Not I and Sfi I did indeed result in a large number of fragments (Figs. 14 and 18).
Digestion with Xba I resulted in 25 fragments (Figs. 23 and 24), while 15
fragments were obtained after S A 0 3 D N A was digested with Spe I endonuclease (Fig.
23 and 26), which w a s suitable for an accurate estimation of the molecular
weight. For prokaryotes with a C + G content above 6 5 % , Xba I, Spe I, Dra I and Ssp
I are useful megabase mapping enzymes, yielding a low number of D N A fragments
(McClelland eiai, 1987).

Contrary to their predictions, however, digestion of

S A 0 3 D N A with Dra I resulted in just 5 fragments, between 25 and 1,500 Kb
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(Figs. 23 and 25). Interestingly, Dra I (TTTAAA), Xba I (TCTAGA) and Spe I
(ACTAGT) are all representatives of the group of endonucleases digesting D N A at
the dinucleotide T/A. Further, Xba I and Spe I both contain the exceptionally rare
CTAG sequence.

The molecular weight of SA03 DNA was estimated to be of 3,480 Kb (see Table 3)
based on B R E N D A under pulsed field conditions. The genomic size of S A 0 3 was
previously estimated to be of 4,660 Kb (Hortelano, 1986) after unidirectional
agarose electrophoresis of the whole undigested chromosome. Such differences in
molecular weight determined by the two different methods have been seen for other
microorganisms. For example, pulsed field electrophoresis yielded a chromosome
size of 4,700 Kb for E. coli K12 (Kohara eial, 1987; Smith eial, 1987), after a
previous estimation of 3,500 Kb before pulsed field was available (Yee and Inouye,
1982). A size of 3,480 Kb for S A 0 3 D N A falls well within the size range found
for other prokaryotes. Pulsed field analysis has yielded estimates of 1,450 Kb for
C h l a m y d i a . 2,100 Kb for Rickettsiella (Frutos eiai, 1989), 3,600 kb for
Clostridium perfringes (Canard and Cole, 1989), 1,980 Kb for Haemophilus
influenzae (Lee and Smith, 1988; Kauc eiai, 1989), between 780 and 1,200 Kb
for M y c o p l a s m a species (Bautsch, 1988; Pyle and Finch, 1988; Wenzel and
Herrmann, 1988), and 4,400 to 5,500 Kb for Pseudomonas aeruginosa (Bautsch
eial, 1988).

The presence of extrachromosomal DNA, such as plasmids, could complicate the
interpretation of cleavage patterns (Owen, 1984). Since no plasmids were found
in S A 0 3 , after the undigested D N A was subjected to pulsed field electrophoresis
under conditions similar to the ones used in the determination of the genome size,
it is assumed that the value obtained of 3,480 Kb does not include D N A other than
chromosomal, or chromosomal-integrated DNA.
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As the restriction endonuclease profiles for D N A of isolates S A 0 1 , S A 0 3 , SA05,
SA06, R E 0 1 , TA01 and T A 0 2 were identical after the digestion of D N A samples with
three different c o m m o n endonucleases plus three rare-cutter enzymes (Figs. 14,
17, 18, 27 and 28), one can safely conclude that the size of 3,480 Kb found for
the S A 0 3 genome can be extended to isolates SA01, SA05, SA06, RE01, TA01 and
TA02.

Similarly, digestion of AU01 DNA with both Xba I and Spe I followed by pulsed field
electrophoresis (Fig. 29), suggested a chromosomal structure highly homologous
to that of S A 0 3 . Hence, there is a strong evidence to indicate that A U 0 1 D N A has a
molecular weight of approximately 3,500 Kb. It is important to note here that
A U 0 1 D N A digested with Xba I and Spe I was only separated in pulsed field
electrophoresis under one set of conditions, and thus not all of the resulting
fragments were well resolved.

Consequently, major differences in large

fragments, or even a different number of fragments may have gone undetected.
Nevertheless, the similarities found warrant the prediction of such a molecular
weight.

Amikam eiai (1982) raised the possibility that the number of ribosomal RNA
transcriptional units or cistrons could be proportional to the size of the genome.
The findings of Bercovier eiai (1986) did not support that hypothesis. W h e n the
number of rRNA transcriptional units are compared with the size of the genome
after pulsed field electrophoresis, serious discrepancies are found. Thus, nine
rRNA cistrons are present in Clostridium perfrinaens. with a genome size of
3,600 Kb (Canard and Cole, 1989), seven cistrons in E. coli which has a genome
size of 4,700 Kb (Kohara eiai, 1987), six cistrons in Haemophilus influenzae
with a g e n o m e size of 1,980 Kb (Lee eiai, 1989), two rRNA cistrons in
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Mycoplasma mvcoides with a genome size of 1,200 K b (Pyle and Finch, 1988),
and four cistrons in Pseudomonas aeruginosa where the chromosome size ranges
between 4,400 and 5,500 K b (Bautsch eial, 1988). In this study, S A 0 3 D N A was
found to have a m a x i m u m of two rRNA transcriptional units (section 3.7), as
compared with Clostridium perfringens. which has a similar genome size and
carries nine cistrons. Bercovier eiai (1986) suggested instead that the number
of rRNA cistrons in bacteria is linked to the rate of bacterial growth rather than to
the size of its genome, after a ribotyping study involving slow and fast growing
Mycobacterium species. It is interesting to note that all the bacterial isolates
investigated in this study are slow growing.

4.3 DETECTION OF BACTERIA ISOLATED FROM GREENING AND DIEBACK
INFECTED CITRUS

4.3.1 GENETIC PROBES

The DNA probe approach to identification of microorganisms is unique because the
focus of the method is the D N A content of the organism itself rather than the
products that the D N A sequence encodes (Tenover, 1988).

A n important

assumption is that every microorganism has s o m e unique sequences that can
distinguish it from other phylogenetically close microorganisms. Hence, one can
consider that each microorganism's genetic composition is in essence a
fingerprint, able to be exploited for its o w n identification (Tenover, 1988).

There are a number of formats for a DNA hybridisation assay (Edberg, 1986), the
most basic being the filter hybridisation dot-blot approach. In this method, either
purified D N A or crude lysate of the desired sample is spotted directly on a
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membrane, and then hybridised with the probe of choice (Maniatis eiai, 1982).
This method has the advantage of being rapid and requiring less sophisticated
laboratory equipment.

As a disadvantage, the method produces only a

positive/negative type of result.

Since clearly no laboratory test is 1 0 0 %

sensitive and 1 0 0 % specific, the possibility of false positive or negative results
always exists (Tenover, 1988). This implies that any D N A sequence proposed as a
probe must be extensively tested against similar organisms.

Dot-blot hybridisation has been widely used for the diagnosis of microorganisms of
economic importance (Zwadyk eiai, 1986). The unique probes utilised in the
detection tests have been obtained through a variety of approaches. A number of
investigators took advantage of the uniqueness of the microorganism to be detected,
in the way of the production of a toxin or any other known biochemical feature, to
isolate and clone the gene encoding such characteristic. The entire gene, parts
thereof or sequences adjacent to the gene can then be used as a unique probe to
detect the microorganism itself (Tenover, 1988).

Good examples of the use of a relevant gene as a unique probe are the detection of
isolates of Corvnebacterium diphteriae (Groman eial, 1983), where the lax, gene
was employed as a probe, and the detection of enterotoxigenic E. coli by dot-blot
hybridisation with a D N A sequence including part of the enterotoxin gene produced
bv E. coli (Bialkowska-Hobrzanska, 1987).

More recently, Delley eiai (1990)

reported the use of a D N A sequence which complements a leucine auxotrophic
strain, as a unique probe for Lactobacillus delbrueckii.

Microorganisms of

phytopathological interest such as Pseudomonas svrinaae pv tomato were detected
by hybridisation with a 5.3 Kb D N A sequence from the chromosomal region
controlling the production of the phytotoxin coranitine (Cuppels eiai, 1990).
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Unfortunately, this kind of approach w a s not suitable for this study. N o special
biochemical features have been attributed to the organisms from greening or
dieback infected citrus, for which unique sequences could be isolated and cloned.

Many microorganisms harbour extrachromosomal DNA in the form of plasmids
(Lewin,1990).

This fact has been exploited by Totten eiai (1983) to use a

plasmid found in Neisseria gonorrheae as a hybridisation probe. More recently,
Baudry eiai (1990) utilised a 1 Kb fragment from an entero-aggregative strain
of E. coli. as a sensitive and specific probe in the detection of diarrheagenic E. coli
in epidemiologic studies. The use of plasmids as probes has the advantage that they
are typically present in a large copy numbers (Lewin, 1990), therefore resulting
in a technique with high sensitivity. However, it can only be performed on isolates
which carry plasmids.

N o n e of the the organisms from greening or dieback

infected citrus tested were found to carry any plasmids, therefore such an
approach was impossible.

There have been a number of reports describing the use of the total bacterial
chromosome as a diagnostic probe. Hodgson and Roberts (1983) and Cooper eiai
(1987) described the use of whole chromosomal D N A from Rhizobium species as a
hybridisation probe to detect Rhizobia strains in root nodules. Similarly, Roberts
eiai (1984, 1985) used the whole chromosomal D N A of Mobiluncus in the
identification of several species. This technique has the advantage of a high probe
to target D N A ratio, which in turn will determine a high sensitivity. However, it
can only be applied to particular genera with distinct D N A sequences, since the D N A
is bound to react, although weakly, with D N A from other microorganisms. Because
of our ignorance of the phytogeny of the organisms isolated from greening and
dieback infected citrus at the time, it w a s considered to be unsuitable for this
investigation.
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Due to the limitations of certain approaches and the intrinsic characteristics of the
microorganisms studied here, the most realistic approach to develop a unique
hybridisation probe w a s considered to be that of a randomly cloned probe. A
number of microorganisms have been detected using a randomly cloned D N A
fragment, such as Salmonella (Fitts eiai, 1983), Corvnebacterium (SaltzgaberMuller and Stone, 1986) and C a m p y l o b a c t e r

(Wetherall eiai, 1988), to

successfully detect the various microorganisms in a dot-blot hybridisation assay.

A genomic library was created after digestion of total chromosomal DNA from TA01
with Sal I endonuclease, and ligation of the resulting fragments in p U C 1 8 plasmid
D N A (section 3.9.1). From the approximately 100 recombinant clones examined,
seven were selected as possible unique probes for T A 0 1 and indeed for all the
isolates of Group 1 isolated from greening and dieback infected citrus. The size of
the cloned fragments varied from 500 to 800 bp for the plasmids with a single
insert (Fig. 31). Clones carrying double fragments had inserts as small as 450
bp. The size of the fragments from the selected clones fell well within the size
range of D N A hybridisation probes being reported in the literature; although a
wide range of fragment sizes are reported, there are probes as small as 157 bp to
detect enterotoxigenic E. coli strains (Bialkowska-Hobrzanska, 1987) and as
large as 8.6 Kb for the detection of Salmonella typhi (Rubin eial, 1985). Very
small fragments result in exquisite specificity, but poor sensitivity due to the
small label to target sequence ratio, while large fragments tend to be very
sensitive but are more likely to cross-hybridise with other D N A sequences
(Tenover, 1988).

All the seven selected recombinant clones from the TA01/Sal I genomic library
were candidates as probes for the identification of organisms from greening or
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dieback infected citrus in plant material. S o m e recombinants (TASI- 30, 31, 36
and 48), reacted with D N A from E, colj in hybridisation assays (Figs. 32-38), and
thus m a y suggest that the purified recombinant plasmid D N A preparations were
contaminated with bacterial chromosomal D N A from the E. coli JM101 host, rather
than a cross-reactivity between E. coli and plasmid T A 0 1 DNAs. Nevertheless, a
further examination of the recombinants cross-reacting with E. coli would be
necessary before establishing their usefulness as a probe. TASI-12 and TASI-48
were selected as potential useful probes due to their strong hybridisation signals
when hybridised with D N A from selected bacterial isolates from greening and
dieback infected citrus, as well as for their high specificity (figs. 32 and 37). The
dot-blot system w a s theoretically able to detect 0.3 pg of D N A , or approximately
3x 104 bacterial cells (section 3.9.2). The sensitivity of the dot-blot detection
system may be improved by using digoxigenin label, which in other procedures in
this study proved more sensitive (0.1 pg, Figure 38) than the 32p. D ased kit.

4.3.2 RIBOTYPING

Although the advantages of a dot-blot based detection system cannot be argued,
there are instances were a single positive/negative result does not provide the
researcher with all the desired information. In addition, to avoid false positives it
may also be necessary to compare the organisms from greening or dieback infected
citrus with other microorganisms isolated from citrus material and bearing a
similar morphology.

There are a number of reports in the literature where Southern blot hybridisation
has been used to obtain a signature pattern for microorganisms under
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investigation, after hybridisation with a selected probe. This technique is also
known as restriction fragment length polymorphism (RFLP).

Lazo eial (1987) showed that RFLP analysis can distinguish between pathovars of
Xanthomonas campestris. including isolates from citrus, after hybridisation with a
randomly cloned D N A fragment from a Xanthomonas strain obtained from citrus.
Similarly, Wheatcroft and Watson (1988) developed an R F L P analysis technique
for the identification of strains of Rhizobium melilotii. using a D N A probe specific
for an insertion sequence (IS). Finally, Sadowsky eiai (1987, 1990) studied the
diversity of Bradyrhizobium japonicum by R F L P after hybridisation to a D N A
probe containing the njf and no_d. genes.

In this investigation the hybridisation of the DNA of organisms from greening or
dieback infected citrus to E, coli rRNA w a s relied upon to produce a unique
signature pattern useful for comparison. Examples of the use of ribotyping as a
means for comparing strains of given microorganisms are well documented in the
literature and have been discused earlier (section 4.2.3). R F L P analysis allows
the observation of genetic variation in microorganisms within well defined
genomic regions, due to D N A mutation or rearrangement which affect recognition
sites for the endonucleases used (Lazo eiai, 1987).
hybridisation of endonuclease-digested D N A

Furthermore, the

after separation on agarose

electrophoresis with the conserved rRNA sequence supplies the investigator with
extra information on the taxonomic relationship a m o n g

the examined

microorganisms.

The specificity of the ribotyping technique on the organisms from greening or
dieback infected citrus after their D N A was digested with Eco Rl was reduced by the
result of a single high molecular weight band (Fig. 22), which could also well
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represent a faulty ribotyping pattern after a partial or null digestion of the
bacterial D N A by the endonuclease.

To reduce this risk, various other

endonucleases were examined and their effectiveness in a ribotyping assay
determined based on the resulting pattern. The use of Mlu I endonuclease yielded
two distinct strong hybridisation bands of a well resolved molecular weight (Fig.
39), and was considered to be adequate. Further, the economy of Mlu I over other
endonucleases was a further advantage to take into consideration.

The ribotyping assay was able to detect plant material containing a minimum of
1 0 4 cells of S A 0 3 with confidence (Fig. 41). In order to maximise sensitivity, the
concentration of the probe w a s raised to 200 ng/ml (Figures 42 and 43), the
highest recommended by the supplier of the digoxigenin system without incurring
a high background. The fact that hybridisation signals of similar strength were
obtained for a sample containing 105 S A 0 3 cells and for a sample with the same
number of cells pre-mixed with citrus material, suggests that the ribotyping
technique m a y be used to detect the presence of similar bacteria in greening and
dieback infected citrus material. However, results in this study (Figures 42 and
43) suggest that the detection limit of 1 0 4 cells is not sufficiently high to
routinely identify the presence of microorganisms in greening and diebackinfected citrus samples. Only s o m e samples, possibly those with a high bacterial
concentration yielded a positive, although faint, hybridisation signal.

The

bacterium observed in infected citrus material using electron microscopy and
considered to be the greening causing agent is known to be present in rather small
concentrations with erratic distribution (Da Graga, 1991).

Therefore, this

creates the need to concentrate the microorganisms for the detection to be effective
by this method.

This concentration step is not practical for ribotyping

experiments, and hence it is unlikely that this technique will be useful for large
scale screening of infected material.
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However, the sensitivity obtained in the current ribotyping study agrees well with
other reports in the literature of detection systems using D N A probes. Thus,
McLafferti eial (1986) were able to detect 104 cells easily and 103 weakly in
the diagnosis of Bordetella pertussis. Malouin and Bryan (1987) and Malouin eial
(1988), found that 105-106 cells of Haemophilus influenzae were needed before
the hybridisation w a s detected.

Palva eial (1987) could detect 105 cells of

C h l a m y d i a , while Eisenach eiai (1988) found a minimum of 106 cells of
Mycobacterium was necessary for its positive detection. More recently, Cuppels ei
al (1990), were able to detect the phytopathogen P s e u d o m o n a s svringae when
4 x 1 0 3 cells were present using the nonradioactively labelled phaseolotoxin gene
DNA.

It is interesting to note that, while AU01 shared an identical ribotyping pattern
with S A 0 3 after their D N A w a s digested with either Eco Rl (Fig. 22) or Mlu I
(Fig.43), an extra hybridisation band of approximately 4 Kb was observed in the
pattern of A U 0 1 D N A after digestion with Eco Rl depicted in Figure 42. This extra
band was absent from all the other ribotyping experiments conducted in this study,
suggesting that it m a y be in fact an artifact due to the hybridisation conditions.
Similar artifacts have been reported by Borsani eial (1991) when hybridising a
murine gene with human D N A under very low stringency conditions. In an attempt
to increase

sensitivity, the

same

low

stringency

conditions

during

posthybridisation (2x S S C , 0.1% S D S at 50 9 C) as used by Borsani eial (1991)
were utilised in this investigation for the detection of the organisms from greening
or dieback infected citrus in infected plant material.

Therefore, it m a y be

advisable to increase the temperature during washes to 68 9 C to minimise the
appearance of artifact bands, which could alter the ribotyping pattern pattern.
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The recent advances in non-radioactive labelling (Tenover, 1988) have allowed
hybridisation tests to have a wider application. An additional and definite advantage
of a chemical labelling is the fact that labelled probes are stable for at least 1 year
(Boehringer Mannheim), and so can be shipped to the desired location. T h e
chemical labelling of the probe with digoxigenin together with the use of
commercially available whole E. coli D N A as a hybridisation probe could encourage
the widespread application of ribotyping in the comparison of microorganisms
isolated from greening and dieback infected citrus in various laboratories.

In the future, the use of rRNA from E. coli (also available commercially) as a
hybridisation probe could well increase the sensitivity of the system. At present,
however, the incorporation of digoxigenin label in R N A molecules is not available.

4.4 PHYLOGENY OF BACTERIA ISOLATED FROM GREENING AND
DIEBACK INFECTED CITRUS

Despite the significant contribution of BRENDA and ribotyping to the comparison of
the organisms isolated from greening and dieback infected citrus by complementing
morphologic, biochemical and serological information, no classification of the
isolates can be m a d e on this data. Attempts to obtain a classification based on
analytical profile index (API) systems and conventional biochemical tests
(Mochaba, 1988) or Biolog metabolic assays (Bock, 1991) proved unsuccessful
due to the fastidious nature of the isolates, although the results obtained suggested
similarities with the pathogenic coryneform bacteria.
approach w a s sought.
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Therefore, a different

Nucleic acid technology is bringing much-needed phylogenetic perspective into
microbiology, since there is no more fundamental and straightforward way to
classify and relate organisms than by appropriate nucleic acid sequence
comparisons (Olsen eial, 1986).

The simple morphology of most microbes

provides few clues for their identification, and physiological traits are often
ambiguous (Olsen eiai, 1986).

All the available molecular genetic methods for evaluating phylogenetic
relationships (DNA/DNA and DNA/rRNA hybridisations, sequencing of 5S rRNA,
16S rRNA and proteins, oligonucleotide cataloging, enzymological patterning, etc)
have advantages and limitations. As a general rule, examination of sequences seem
preferable because they allow a quantitative estimation of relationships (Lane ei
ai, 1985). Further, because they accumulate, sequences are most useful in the
long term.

The phylogenetic comparison of rRNA sequences has become a powerful technique
for the systematic classification of microorganisms (Romaniuk eiai, 1987). The
16S rRNA molecules have proven to be most useful for establishing distant
relationships among bacteria because of the high information content, conservative
nature, and universal distribution (Lane eiai, 1985). Fox eiai (1980) were
able to establish a comprehensive outline of the microbial phytogeny, and the
principle of using rRNA sequences to classify microorganisms has now gained wide
acceptance (Stackebrandt, 1985).

The 16S rRNAs vary in their nucleotide

sequences, but they contain regions that are perfectly conserved, or nearly so,
among all microorganisms so far examined (Lane eiai, 1985). Certain of these
conserved sequences, adjacent to less-conserved regions that are useful for
phylogenetic evaluations, provide the conserved initiation sites for primer
elongation in R N A sequencing (Lane eiai, 1985).
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This R N A sequencing is

accomplished by using the enzyme reverse transcriptase to synthesise a c D N A
copy, followed by the sequencing of the c D N A using the method of Sanger eial,
1977).

Lane eial (1985) found that the reverse transcriptase enzyme has a frequency of
errors of approximately 1%, due to interactions between the enzyme and the
secondary structure of some rRNA molecules, yielding band compressions in the
sequencing gel. Neither of the rRNA samples from S A 0 3 or A U 0 1 demonstrated
such errors after c D N A sequencing, indicating no such secondary structure
interactions in the 16S rRNA of these organisms.

More common errors during sequencing are ambiguities resulting from chain
terminations that are not due to dideoxynucleotide incorporations (Lane eial,
1985). They are most straightforwardly interpreted as points where the reverse
transcriptase is, with s o m e frequency, released from the template. Since most
reverse transcriptase molecules read through the anomalous position, the template
nucleotide often is revealed as the most prominent band. For phylogenetic studies,
minor inaccuracies in nucleotide identification incur little penalty. O n the other
hand, assignment of nucleotide identity on the basis of homology with a sequence
from another organism assumed to be related results in systematic errors,
perhaps forcing incorrect affiliations (Lane eial, 1985).

There was a perfect agreement between the sequence obtained from direct reverse
transcriptase sequencing of purified rRNA (section 2.13) and the sequence of the
P C R amplified 16S rRNA gene (section 2.14), indicative of the accuracy of both
methods. An advantage of using P C R amplification followed by the Sequenase
method (section 2.14) is the yield of longer sequences, of over 600 bp, as
compared with the reverse transcriptase method, which yields sequences of
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approximately 200 bp. Further, sequencing of amplified D N A might be the only
possible method when the minimum number of cells required for a rRNA
purification are not available, since only minute amounts of D N A are needed to
conduct a P C R amplification of the total 16S rRNA gene. In the current study both
techniques were used to determine the primary structure of the 16S rRNA gene of
isolate SA03 from South African greening and AU01 from A C D (Fig. 45).

The similarities found for the 16S rRNA sequence of SA03 and AU01 (section
3.10), a perfect match, are enough to consider both microorganisms as belonging
to the same species. This is in agreement with the findings from the ribotyping
experiments after digestion of total D N A with Eco Rl endonuclease (Fig. 22), which
suggested a similar genomic organization of the rRNA cistrons in both
microorganisms, with the same number of rRNA transcriptional units. Although
this similarity of the 16S rRNA gene cannot be automatically extended to the entire
bacterial chromosome to suggest that the same homology does actually apply to the
whole genome, the B R E N D A experiments using pulsed field electrophoresis
revealed no differences in the D N A profiles of these two isolates after digestion
with the rare-cutter enzymes Spe I and Xba I (Fig. 23 and 29). Because of the low
number of fragments generated by the rare-cutter enzymes, the total number of
nucleotides compared was not statistically significant to suggest that the perfect
homology found can be extended to the entire chromosome. Nevertheless, this
homology does indicate that both bacterial g e n o m e s have a very similar
organization, and that their D N A s are highly homologous.

When AU01 DNA was digested with common endonucleases, such as Not I and Mlu I
(Figs. 14 and 17), although the general pattern was considered to be similar to the
profile produced by S A 0 3 DNA, s o m e differences were observed.

184

Differences

between A U 0 1 and S A 0 3 isolates were also reported by Back (1991) after
comparing their cell protein profiles. This suggests that A U 0 1 and S A 0 3 are
different strains of the same species.

The determination of the peptidoglycan type is a reliable method in the
classification of bacteria (Schleifer and Kandler, 1972). A computer analysis of
the rRNA sequence suggests that the bacterial isolates S A 0 3 and AU01 from
greening and dieback infected citrus have peptidoglycan of the rare B type.
Organisms containing this rare B form of peptidoglycan are only found in
coryneforms of the genera Arthrobacter. Brevibacterium. Corvnebacterium.
Microbacterium. A g r o m v c e s and Curtobacterium (Dbpfer et al, 1982). With
existing rRNA catalogues, it w a s not possible to assign S A 0 3 and AU01 to any
particular genera, although some similarities were found to rRNA of Clavibacter
michiganense (Fig. 46). It is anticipated that cell wall analysis would complement
the sequencing data to allow a more detailed classification.

Previous attempts to classify these organisms based on metabolic and
morphological studies suggested their similarities to Arthrobacter (Sibara,
1982).

In addition, the s a m e study found a high concentration of a range of

aminoacids in the bacterial cell wall, particularly lysine. Several coryneforms
with a B type peptidoglycan have a peptidoglycan structure cross-linked with
lysine (Dopfer eiai, 1982).

Further studies on Group 1 bacteria using API

identification systems (Mochaba, 1988) and Biolog tests (Bock, 1991) revealed
reasonable similarities with Clavibacter m i c h i g a n e n s e . supporting the
phylogenetic findings of the present investigation (Fig. 49). Hence, there is
evidence to suggest that the Group 1 organisms are of a coryneform nature.
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Interestingly, other researchers have described comparable microorganisms
originating from greening infected citrus.

Chippindall and Whitlock (1989),

identified a Clavibacter michiganense which they associated with what they
describe as the greening syndrome. This microorganism induced foliar symptoms
in tangelo after mechanical inoculation.

The putative greening agent has been described as gram-negative (Gamier eial,
1984). This description is based on observations under the electron microscope
which reveal two electron-dense layers separated by an electron-transparent
layer (Moll and Martin, 1974).

N o typical gram-positive structure has been

previously associated with greening disease.

However, electron microscopic

analysis of the cell wall structure of the South African isolates from greening
infected citrus revealed a similar ultrastructure to that observed in planta for the
putative aetiological agent (Ariovich and Garnett, 1985).
consistently stain gram-negative.

These bacteria

Hence, the ultrastructural characteristics of

the cell wall and the 16S rRNA analysis appear to be contradictory.

The cell walls of certain coryneform and actinomycete bacteria possess covalently
bound lipids (Hancock and Poxton, 1988). Their cell envelopes are rich in some
unusual lipids which are considered to be essential structural components of a
characteristic outer m e m b r a n e layer (Minnikin, 1982).

Hancock and Poxton

(1988) suggests that this is probably based on a monolayer of high molecular
weight mycolic acids esterified to an arabinogalactan polysaccharide that in turn is
covalently linked to peptidoglycan. They also suggest that the membrane layer is
completed by a range of free lipids (Hancock and Poxton, 1988). A great variety
of lipids are also found as constituents of cell envelopes of gram-negative bacteria
(Schleifer and Stackebrandt, 1983).
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Coryneform microorganisms possessing covalently bound lipids do have a peculiar
cell wall composition and structure (Schleifer and Stackebrandt, 1983), with
features typical of gram-negative bacteria. These peculiarities may affect the cell
wall to reveal an ultrastructure resembling that of a gram-negative bacterium.
Indeed, m a n y pathogenic coryneforms appear gram-variable under the light
microscope. Unfortunately, at this point in time no comprehensive study of the
lipid composition of the cell walls of the bacteria isolated from greening and
dieback infected citrus is available. Such information is essential to support the
hypothesis that the greening-associated bacteria studied here are members of the
coryneform group with membranes containing unusual lipid composition.

The sequencing of the complete sequence of the SA03 and AU01 16S rRNA gene
allows one not only to classify both organisms in the context of microbial
phytogeny, but m a y provide the means to detect Group 1 microorganisms in citrus
material by P C R . The P C R technique is able to amplify any D N A template from a
concentration as low as 10-100 copies (Davies, 1988), using the enzyme Taq
polymerase, to replicate D N A in a number of cycles. The vital requirement for
such a technique the ability to select appropriate primers.

Although the rRNA gene has a very conserved sequence, which is the basis for
phylogenetic studies, it is not a homogeneous molecule. It contains some extremely
conserved regions shared by all bacteria, as well as very variable regions able to
distinguish between species (Stackebrandt, 1985).

From the results of the

sequencing experiments, a number of unique sequences in the rRNA of isolates
S A 0 3 and A U 0 1 were identified which could be used as primers for PCR. A more
detailed examination of the entire sequence with the aid of a computer may result
in the location of more unique sequences free from homology to sequences from
known plant pathogenic microorganisms.
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It has been shown in this investigation that bacteria-containing citrus material
can be processed so as to release all the D N A from the microorganisms with little
or no detrimental effect from citrus nucleases (Fig. 7). Therefore, w e propose the
use of the unique sequences in the 16S rRNA gene as primers in a PCR-based
technique to amplify and detect bacterial D N A , using a D N A purification method
based on the one devised herein to process the citrus samples. Such a detection
method would be of high sensitivity (a theoretical minimum of one bacterium in
the starting sample would suffice) and highly specific (both the sequence and
length of the amplified fragment would be unique for these microorganisms).

PCR represent a powerful technique with many and wide applications (Davies,
1988). Unfortunately, the fact that routine P C R is not wide spread yet represents
an important obstacle in the introduction of the PCR-based detection system in
many citrus growing countries where greening-like diseases are established.

4.5 RELATIONSHIP BETWEEN BACTERIAL ISOLATES AND GREENING
AND DIEBACK DISEASES

At this point the question arises as to whether any one or several of the organisms
isolated from greening or dieback infected citrus are in fact the putative causal
agent of greening. Electron microscopy examination of the morphology of the
bacterial isolates cultured from South African greening infected citrus and
assigned to Group 1 in the current study suggested that they have similarities with
the putative causing agent observed in planta (Ariovich and Garnett, 1985)).
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A number of attempts have been m a d e to fulfil Koch's postulates to ascertain any
association of the available isolates with the disease. Isolates of the Group 1 have
been introduced into healthy seedlings. Mochaba (1988) infected healthy seedling
with isolates S A 0 3 , S A 0 1 , T A 0 1 , T A 0 2 and R E 0 1 (and other similar isolates not
available for this investigation), and obtained symptoms comparable to those
typical of greening. Further, a number of similar microorganisms were cultured
in successful isolations from the infected plants. Similarly, isolates S A 0 1 , R E 0 1
and T A 0 1 were injected into healthy citrus plants and characteristic symptoms
observed (H. Garnett, personal communication). The fact that such symptoms
were further graft transmitted suggests that the Group 1 isolates are possibly the
putative causal agents of greening. It is interesting to note that US04, which has a
D N A restriction profile after digestion with Not I endonuclease and electrophoresis
similar to Group 1 isolates, w a s cultured from a plant grafted with a seedling
previously injected with SA01.

Although the hybridisation signal yielded in the ribotyping experiments (Fig. 43)
by greening and A C D infected citrus material w a s very weak, the fact that two
samples (from greening and ACD-infected citrus) revealed a pattern comparable to
the profile produced by both S A 0 3 and A U 0 1 D N A would support the view that
identical or very similar bacteria are indeed found in diseased citrus material.

During the course of this investigation it became obvious that isolates SA01, SA03,
S A 0 5 , S A 0 6 , T A 0 1 , T A 0 2 , R E 0 1 and A U 0 1 belonging to the Group 1 (Mochaba,
1988) are strains of the s a m e bacterial species.

Likewise, morphological,

biochemical, serological and genetic evidence suggests a close relationship between
isolates of Group 2. However, the relationship of Group 1 and Group 2 isolates to
the causal agent of greening still remains to be established unequivocally. It is
anticipated that the P C R procedure proposed above and possibly the ribotyping will

189

play an important role in confirming the role of such organisms in greening and
related diseases.
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5 CONCLUSION

- A large group of microorganisms, isolated from diseased citrus with greening
symptoms originating in South Africa (SA01, SA03, SA05, SA06 and US04), Reunion
(RE01), Taiwan (TA01 and TA02), and isolated from diseased citrus with Australia
citrus dieback symptoms (AU01), appear to be strains of the same bacterium, after
B R E N D A , ribotyping and sequencing of the 16S fraction of the rRNA.

- These organisms contain a low number of rRNA transcriptional units and a
chromosomal D N A with an estimated molecular weight of 3,480 Kb. The presence of
plasmids has not been observed.

- A second group of organisms was established using BRENDA, which includes isolates
from diseased citrus with greening symptoms originating in South Africa (SA07, SA09
and SA10), Taiwan (US02), China (US05) and isolated from diseased citrus with
Australia citrus dieback symptoms (AU02 and AU03). This group was found to be less
homogeneous and was divided into subgroups of related organisms.

- Isolates AU01 and AU03, cultured from ACD infected material, showed close
similarities with, respectively, SA03 and SA07, isolated from South African greening
infected material. This suggests that A C D and greening may be similar diseases.

- A genomic library of TA01 DNA was constructed, and a number of clones selected
which could be used in a dot-spot hybridisation assay to detect the presence of Group 1
isolates.

- Ribotyping was used to obtain a signature pattern of the DNA of Group 1 organisms.
This identification assay may be used for the comparison of bacteria isolated from
infected citrus.
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- Ribotyping w a s able to faintly detect the presence of organisms with a ribopattern
similar to the Group 1 isolates in greening and dieback infected citrus samples. This
finding suggests that Group 1 isolates m a y be the, or one of the, causing agents of
greening.

- Organisms of Group 1 appear to be phylogenetically related to, but quite distinct
from, Clavibacter michiganense. based on computer analysis of the 16S rRNA of
isolates S A 0 3 and A U 0 1 . This suggests the classification of these organisms as
corynebacteria despite their cell wall ultrastructure.
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APPENDIX I

BACTERIAL ISOLATES

Name Source

SA01 - From citrus leaves with South African greening symptoms from
Randburg (South Africa). Previously coded as G L (Mochaba, 1988).
S A 0 3 - From citrus fruit with South African greening symptoms from
Nelspruit (South Africa). Previously coded as N C I (Mochaba, 1988).
S A 0 5 - From citrus fruit with South African greening symptoms from
Nelspruit (South Africa). Previously coded as N C III (Mochaba, 1988).
S A 0 6 - From seedling infected with South African greening (Nelspruit source
material) in Beltsville (USA). Previously coded as E (Mochaba, 1988).
S A 0 8 - From citrus fruit with South African greening symptoms from Letaba
(South Africa). Previously coded as LC

(Duncan,1982).

S A 0 9 - From citrus leaves with South African greening symptoms from
Tzaneen (South Africa). Previously coded as TZL (Mochaba, 1988).
SA10 - From citrus leaves with South African greening symptoms from
Letsitile (South Africa). Previously coded as LLL (Mochaba, 1988).
SA13 - Uncharacterised bacterium from citrus fruit with South African
greening symptoms from Nelspruit (South Africa). Previously coded as
N C II (Mochaba, 1988).

TA01 - From citrus seedlings infected with likubin in Beltsville (USA).
Previously coded as M (Mochaba, 1988).
T A 0 2 - From citrus seedlings infected with likubin in Beltsville (USA).
Previously coded as 0 (Mochaba, 1988).
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RE01 - From citrus seedlings infected with Reunion greening symptoms in
Beltsville (USA). Previously coded as I (Mochaba, 1988).
R E 0 2 - Uncharacterised bacterium from citrus leaves with greening
symptoms in Reunion.

US02 - From citrus plants infected with South African greening symptoms in
Beltsville (USA). Previously coded as #31 (Garnett, personal
communication).
U S 0 4 - From citrus plants grafted with material derived from seedlings
injected with South African greening symptoms in Beltsville (USA).
Previously coded as #78 (Garnett, personal communication).
U S 0 5 - From citrus plants displaying yellow shoot simptoms in Beltsville
(USA). Previously coded as #97 (Garnett, personal communication).

AU01 - From citrus leaves showing Australian citrus dieback symptoms from
Gol Gol, Australia (B6ck, 1991).
A U 0 2 - From citrus leaves showing Australian citrus dieback symptoms from
Nangiloc, Australia (Beck, 1991).
A U 0 3 - From citrus leaves showing Australian citrus dieback symptoms from
Dareton, Australia (Bock, 1991).
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INFECTED P L A N T M A T E R I A L

Beltsville

collection

# 3 - Plant infected with Reunion greening showing very strong symptoms.
# 8 - Plant infected with likubin from Taiwan.
# 17 - Plant infected with South African greening.
# R1B - Pooled material from 4 plants grafted with plants 441, 443, 446 and
451, of Reunion greening origin.
# LK5 - Plant infected with Taiwan likubin.

Australian material

# 6 - Plant showing symptoms of Australia citrus dieback.
# 7 - Plant showing symptoms of Australia citrus dieback.
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A P P E N D I X II

C U L T U R E MEDIA

MIG MEDIUM

INORGANIC SALTS (grams/liter)

KH2PO4 0.200
Na2HP04

0.250

MgS04.7H20

0.050

NaCl

0.675

NaHC03

0.020

CaC*2.2H20

0.450

MgC*2.2H 2 0

0.125

NH4CI

0.030

CuS04.5H 2 0

0.005

MnS04.4H20

0.025

ORGANIC ACIDS

(grams/liter)

oc-ketoglutaric acid 0.800
Fumaric acid

0.650

Malic acid

0.850

Succinic acid

0.750
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(grams/liter)

AMINOACIDS

L-alanine

0.500

L-arginine

0.250

L-asparagine

0.150

L-aspartic acid

0.350

L-cysteine

0.400

L-glutamic acid

0.450

L-histidine

0.300

L-leucine

0.350

L-lysine

0.500

L-methionine

0.350

L-phenylalanine

.....0.250

L-proline

0.200

L-tryptophan

0.400

L-valine

0.350

(L-tyrosine 0.500)

CARBOHYDRATES (grams/liter)

Sucrose 16.50
Sorbitol

23.50
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OTHER COMPONENTS

(grams/liter)

Tryptone

4.00

Brain heart infusion

3.00

Peptone

6.00

Yeast extract

5.00

Foetal calf serum 15% (v/v)

PREPARATION OF MIG

Carbohydrates and other components were mixed in 400 ml distilled water, pH
adjusted to 7.2 with 1 M K O H and autoclaved for 20 minutes at 121 9 C. Aminoacids
(except tyrosine) and inorganic salts were dissolved in 325 ml distilled water
by adding HCI. Separately, organic acids and tyrosine were dissolved in 75 ml
distilled water by adding K O H pellets. The two mixtures were added to one
another, p H adjusted to 6.2 with K O H and filter sterilized using a pre-filter,
0.80 p m , 0.45 p m and 0.22 p m

millipore filters (Millipore Corporation,

Bedford, M.A., U.S.A.). Finally, all compounds were mixed together, and 150 ml
sterile foetal calf serum added and medium stored at 4 9 C until used.

When plates were required, 15 g agar were added to the carbohydrates and the
other components before autoclaving. After sterilizing, the solution was allowed
to cool to 60 9 C and mixed with the remaining components prepared as described
above, and poured into the plates.
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523 M E D I U M

(grams/liter)
Sucrose

10.00

Yeast extract

4.00

Casein hydrolysate

8.00

MgS04.7H20

0.30

K2HPO4

2.00

Agar (for plates only) 15.00

The pH was adjusted to 6.9, and autoclaved at 1219C for 20 minutes.

LURIA BROTH MEDIUM

(grams/liter)
Tryptone

10.00

Yeast extract

5.00

NaCl

10.00

Agar (for plates only) 15.00

The pH was adjusted to 7.4 with 1N NaOH, and autoclaved at 1219C for 20
minutes.
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W h e n antibiotics were needed for recombinant cells, medium was allowed to cool
at 50 9 C before adding the following :
(per liter)
Ampicillin (20 mg/ml in d H 2 0 )

5 ml

IPTG (100 m M in dH20)

5 ml

X-gal ( 2 % in D M F )

2 ml
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APPENDIX III

PHOSPHATE BUFFERED SALINE (PBS,)

(grams/liter)
NaCl 8.00
KCI 0.20
Na2HP04 1.15
KH2P04 1.15

The pH was adjusted to 7.2.
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APPENDIX IV

DNA PURIFICATION BUFFERS

SALINE-EDTA

NaCl 0.15 M
EDTA 0.10 M

Adjusted to pH 9.0.

SALINE SODIUM CITRATE (1XSSC)

NaCl 0.15 M
Trisodium citrate 15 mM

Adjusted to pH 7.0.

TE BUFFER

Tris-HCI 10 mM
EDTA 1 mM

Adjusted to pH 8.0 .

SOLID D N A S A M P L E S (SMITH A N D CANTOR, 1987)

Tris-HCI (pH 7.6)

6 mM

NaCl 1 M
EDTA (pH 7.5) 100 mM
Brij-58 0.5%
deoxycholate 0.2%
sarkosyl 0.5%
lysozyme 1 mg/ml
RNase 20 pg/ml

ESP BUFFER

sodium lauroyl sarcosine 1%
EDTA (pH 9.0) 0.5 M
proteinase K 1 mg/ml

PLASMID EXTRACTION

LYSIS SOLUTION (KADO AND LIU. 1981)

SDS 3%
Tris (pH 12.6) 50 mM
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- The pH was adjusted by adding 1.6 ml of 2 N NaOH
- distilled water was added up to 100 ml
- Filtered through a 2 pm pore membrane

BIRBOIM AND DOLY (1979)

SOLUTION A

lysozyme

2 mg/ml

glucose

50 m M

EDTA

10 m M

Tris-HCI (pH 8.0)

25 m M

SOLUTION B

NaOH 0.2 N
SDS

SOLUTION C

sodium acetate (pH 4.8) 3 M
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1%

APPENDIX V

ENDONUCLEASE DIGESTION BUFFERS

BUFFERA

Tris acetate

33 m M

magnesium acetate

10 m M

potasium acetate

66 m M

dithiothreitol (DTT)

0.5 m M

pH 7.9 at 37 9C

Tris-HCI
MgCl2
NaCl
2-mercaptoethanol

10 m M
5 mM
100 m M
1 mM

Adjusted to pH 8.0.
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BUFFER H

Tris-HCI

50 m M

MgC-2

10 m M

NaCl

100 m M

dithioerythritol (DTE)

1 mM

Adjusted to pH 7.5.

BUFFER M

Tris-HCI 10 mM
MgCl2

10 m M

NaCl

50 m M

dithioerythritol (DTE)

1 mM

Adjusted to p H 7.5.

A P P E N D I X VI

LIGATION B U F F E R

Ligation was performed with reagents supplied by Boehringer mannheim in the
pUC cloning kit.

Cleaved pUC DNA..... 1 pl (0.1 pg)
Cleaved insert D N A

0.1-0.2 pM

Ligation buffer (10X):

1 pl

T4 ligase

1 pl
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APPENDIX VII

RNA SEQUENCING SOLUTIONS

TRANSCRIPTION MIXTURE

10X reverse transcriptase buffer 2.5pl
dithiothreitol (100 m M in dH20)

1.0 pl

reverse transcriptase (10 units)

0.4 pl

tris buffer (10 m M , p H 8.3)

4.6 pl

distilled water

1.5 pl

HYBRIDIZATION BUFFER (5X^

KCI 0.50 M
Tris base

0.25 M

Adjusted to pH 8.5 with 32% HCI. Stored in aliquots of 100 pl at -209C.

REVERSE TRANSCRIPTASE BUFFER (10X)

MgCl2 0.1 M
Tris base

0.5 M

Adjusted to pH 8.3 with 32% HCI; the solution appears milky until the pH
exceeds a value of 7.0. Stored in aliquots of 100 pl at -209C.
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TRIS BUFFER

Tris base

10 m M

Adjusted to pH 8.3 with 1N HCI. Stored in 1 ml aliquots at -209

DITHIOTHREITOL SOLUTION (Dm

100 mM solution was prepared with sterile distilled water. Stor
aliquots at -209C and used immediately after thawing.

NUCLEOTIDE MIXTURES FOR REVERSE TRANSCRIPTASE
A-MIX

0.05 mM dATP 60 pl
10 m M dCTP

25 pl

10 m M dGTP

25 pl

10 m M dTTP

25 pl

0.1 m M ddATP

12.5 pl
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C-M1X,

0.05 m M dATP

25 pl

1 m M dCTP

60 pl

10 m M dGTP

25 pl

10 m M dTTP

25 pl

1 m M ddCTP

12.5 pl

G-MIX

0.05 mM dATP 25 pl
10 m M dCTP

25 pl

1 m M dGTP

60 pl

10 m M dTTP

25 pl

1mM ddGTP

24 pl

T-MIX

0.05 mM dATP 25 pl
10 m M dCTP

25 pl

10 m M dGTP

25 pl

1 m M dTTP

40 pl

1 m M ddTTP

25 pl
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REVERSE TRANSCRIPTASE CHASE

10 m M dATP

10 pl

10 m M dCTP

10 pl

10 mM dGTP

10 pl

10 m M dTTP

10 pl

Tris buffer

160 pl

Stored in aliquots of 50 pl at -209C.

TERMINAL TRANSFERASE CHASE

dATP 1 mM
dCTP

1 mM

dGTP

1 mM

dTTP

1 mM

Nucleotide stock solutions were diluted with tris buffer and stored in aliquots of
100 pl at -20 9 C.

CACODYLATE BUFFER

Cacodylate (free acid) 0.28 M
Tris base

0.12 M

Adjusted to pH 7.5 with 20%KOH. Stored in aliquots of 250 pl at -209C.
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APPENDIX VIII

POLYMERASE CHAIN REACTION BUFFER

KCI

50 mM

Tris-HCI (pH 8.4)

10 mM

Mg C*2

2.5 mM

gelatin

100 pg/ml

dATP

50 nM

dCTP

50 nM

dTTP

50 nM

dGTP

50 nM
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APPENDIX IX

DNA SEQUENCING SOLUTIONS

ANNEALING REACTION BUFFFR fflft

Tris-HCI, pH 7.5 200 mM
MgCl2 100 mM
NaCl 250 mM

LABELLING MIX -dGTP (SXi

dGTP 7.5 pM
dCTP 7.5 pM
dTTP 7.5 pM

ddG TERMINATION MIX

dGTP 80 pM
dATP 80 pM
dCTP 80 pM
dTTP 80 pM
ddGTP 8pM
NaCL 50 mM
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ddA TERMINATION MIX

dGTP
dATP 80 pM
dCTP 80 pM
dTTP 80 pM
ddATP 8pM
NaCl 50 mM

ridT TERMINATION MIX

dGTP 80 pM
dATP 80 pM
dCTP 80 pM
dTTP 80 pM
ddTTP 8pM
NaCl 50 mM

ddO TERMINATION MIX

dGTP 80 pM
dATP 80 pM
dCTP 80 pM
dTTP 80 pM
ddCTP .8pM
NaCl 50 mM

80 pM

ENZYME DILUTION BUFFER

Tris-HCI pH7.5

10 mM

DTT 5 mM
BSA 0.5 mg/ml

STOP SOLUTION

Formamide 95%
EDTA 20 mM
Bromophenol blue 0.05%
Xylene cyanol FF 0.05%
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APPENDIX X

ELECTROPHORESIS

BUFFERS

TRIS-BQRATE-EPTA (TBE- SX)

Tris base 54 g
Boric acid

27.5 g

EDTA (0.5M pH8.0)

20 ml

TRACKING DYE

(agarose gels) (SXJ

Bromophenol blue 0.25%
Sucrose

40%

Stored at 49C.

POLYACRYLAMIDE GEL SOLUTION

acrylamide 76.1 g
bisacrylamide

3.9 g

urea

480 g

10x TBE
dH20 up to

100 ml
1000 ml

TRACKING DYE (polvacrvlamide aels^

Xylencyanol (0.25% in dH20) 40 pl
Bromophenol blue (0.25% in dH20) 40 pl
Formamide 920 pl
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APPENDIX XI

RADIOACTIVE LABELLING REACTION

NICK TRANSLATION REACTION MIXTI1RF

300 pM dATP 3.3 pl
300 pM dGTP

3.3 pl

300 pM dTTP

3.3 pl

DNA to be labelled

0.5 pg

Sterile dH20
a-32P dCTP
Polymerase 1
DNase 1

up to 35 pl
10 pl (100 pCj)
2.5 units
50 pg

Total 50 pl
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A P P E N D I X XII

DIG LABELLING R E A C T I O N

Linearized purified D N A

10 ng-3 pg

Hexanucleotide mixture

2 pl

dNTP labelling mixture

2 pl

Sterile d H 2 0

up to 19 pl

Klenow enzyme (2 units)

1 pl

All reagents except sterile distilled water were provided by the Boehringer
mannheim DIG labelling system.
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A P P E N D I X XIII

HYBRIDISATION BUFFERS

DIG HYBRIDISATION SOLUTION

Blocking reagent 1%
N-lauroylsarcosine 0.1%
SDS 0.02%

The solution was prepared in 5X SSC, dissolved at 50-609C, and stored frozen
-209C.
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APPENDIX XIV

DIG DETECTION B U F F E R S

BUFFER 1

Tris-HCI 100 mM
NaCl 150 mM

Adjusted to pH 7.5.

BUFFER 2

Blocking reagent 1%

The solution was prepared in buffer 1, dissolved at 50-609C, and stored fr
at -209C.

BUFFER 3

Tris-HCI 100 mM
NaCl 100 mM
MgC*2 50 mM

Adjusted to pH 9.5.
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BUFFER 4

Tris-HCI

10 m M

EDTA 1 mM

Adjusted to pH 8.0.

COLOUR-SUBSTRATE SOLUTION

45 pl NBT-solution and 35 pl X-phosphate solution were added to 10 ml buffe
3. The solution was prepared fresh for every detection.

ANTIBODY DILUTION

Polyclonal sheep anti-digoxigenin Fab-fragments, conjugated to alkaline
phosphatase, 750 U/ml, as supplied by Boehringer Mannheim, Mannheim,
Germany.
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APPENDIX XV

PRIMER SEQUENCES

E.COLI POSITION

SEQUENCE

11-29

GAGnTTGATCXTGGCTCAG

343-357

CTGCTGvXTCCCGTA

519-536

GTATTACCGCGGCTGCTG

691-704

TCTGaaCATTCCAC

787-803

CTACCAGGGTATCTAAT

951-969

TTGCTTCGAATTAAACCAC

1382-1401

a3GrRSfTGTAOAAG3CCC

1492-1510

GGTTACCnTGlTTACGACTT

1500

/OWGGAGGITGATCCAGCC
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APPENDIX XVI

MOLECULAR WEIGHT MARKERS

MOLECULAR WEIGHT MARKERS I

Bacteriophage lambda DNA digested with Hind III, yielding the following
fragments:

23130, 9416, 6557, 4361, 2322, 2027, 564 and 125 bp.

MOLECULAR WEIGHT MARKERS II

Bacteriophage lambda DNA digested with Eco Rl plus Hind III, yielding the
following fragments:

21226, 5148, 4973, 4268, 3530, 2027, 1904, 1584, 1375, 947, 831,
564 and 125 bp.

4.85 Kb LADDER

ladder made up with 4.85 Kb concatamers, yielding the following fragments:

4.85, 9.7, 14.55, 19.4, 24.25, 29.1, 33.95, 38.8, 43.65, 48.5, 53.35,
58.2, 63.05, 67.9, 72.75, 77.6, 82.45, 87.3, 92.15, 97.0 and 101.85 Kb.

224

LAMBDA LADDER

Ladder made up with lambda DNA concatamers (48.5 Kb), yielding the following
fragments:

48.5, 97, 145.5, 194, 242.5, 291, 339.5, 388, 436.5, 485, 533.5, 582,
630.5, 679, 727.5, 776, 824.5, 873, 921.5, 970 and 1018.5 Kb.

YEAST CHROMOSOMES

Yeast chromosomes from Saccaromyces cereviseae. yielding the follow
approximate fragments:

2,500, 1,600, 1,125, 1,020, 945, 850, 800, 770, 700, 630, 580, 460,
370, 290 and 245 Kb.
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R A 2 = 0.990

y = 4.0913 - 3.0280e-2x
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migration of DNA

Figure 47 - Standard curve for the low molecular weight markers

The logarithm of the molecular weights is plotted against the distance migrated
by each DNA fragment in the gel. The molecular weights of unknown DNA

fragments is calculated from the straight line equation. The fragments of th
molecular weight markers I range from 125 to 23,000 bp.
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3.5964 - 4.0077e-2x

R A 2 . 0.990

3.02.8cp
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1.81.6 -I

10

Figure 48 - Standard curve for the high molecular weight lambda
ladder

markers

The logarithm of the molecular weights is plotted against the distance migrated
by each D N A fragment in the gel. The molecular weights of unknown D N A
fragments is calculated from the straight line equation. Lambda ladder has a
molecular range from 50 to 1,000 Kb.
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